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the  geometry  of  the  film  forming  molecules  are  fulfilled.  For  example,  highly  stable 
solid^upported  monolayer  barriers,  capable  of  efficiently  blocking  the  passage  of 
ions  and  molecules  from  an  adjacent  fluid  phase,  could  be  engineered  on  various  solid 
substrates  using  long  chain  silanes  that  bind  covalently  to  the  underlying  surface, 
while  polymerizing  laterally  to  form  a  compact  two-dimensional  network..  Good  quality 
multilayer  structures  could  be  successfully  prepared  by  self-assembly  using  bifunctional 
long  chain  silanes  provided  with  non  polar  functions  which  may  be  modified  through 
appropriate  surface  chemical  reactions  conducted  on  the  preassembled/film.  Finally, 
the  present  research  demonstrates  the  superior  performance  of  certain  self-assembling 
monolayers,  in  terms  of  stability  and  degree  of  structural  perf^tion,  as  compared 
to  analogous  films  prepared  by  the  Langmuir-Blodgett  method./^ 
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1.  SnOBBNT  or  TOE  PROBLEM  AMD  BACKGROUND 

The  research  consisted  of  a  series  of  studies  performed  with  -the  general 
purpose  of  developing  organized  self-assenbling  mono  and  multilayer  organic 
films  that  might  have  practical  applicability  as  ultrathin  protective  or  pas¬ 
sivating  coatings  on  various  solids,  including  semiconductor  materials.  The 
project  has  been  initiated  on  the  basis  of  previous  experimental  results  ob¬ 
tained  in  this  laboratory,  which  indicated  that  ordered  solid-supported  mono¬ 
layers  reminiscent  of  Langmui r-Blodgett  (LB)  films  (deposited  on  solids  by  me¬ 
chanical  transfer  of  monolayers  initially  formed  as  floating  films  on  water) 
may  be  obtained  directly  on  various  polar  solids  via  spontaneous  molecular 
self-assenbly  (SA)  from  solution.  Conpared  to  the  mechanical  procedures  in¬ 
volved  in  the  deposition  of  LB  monolayers,  the  spontaneous  self-assembly  pro¬ 
cess  presents  a  number  of  intrinsic  advantages,  particularly  inportant  with 
regard  to  possible  practical  applications.  The  SA  approach  is  free  of  seme  of 
the  Inherent  limitations  of  the  LB  method,  while  offering  new  options  far  the 
utilization  of  ordered  organic  monolayers. 

Preliminary  evidence  obtained  in  this  laboratory  pointed  to  the  remarkably 
inproved  performance  of  SA  monolayers  as  regarding  their  stability  under  ad¬ 
verse  physical  and  chemical  conditions.  This  encouraged  us  to  pursue  a  re¬ 
search  program  aiming  at  the  preparation  of  ultrathin  organic  films  of  unusual 
robustness  and  structural  integrity.  A  study  of  the  ln-sltu  chemical  modifi¬ 
cation  of  preformed  SA  films  has  also  been  undertaken,  with  the  purpose  of  ex¬ 
tending  our  synthetic  capabilities  towards  the  construction  of  novel  types  of 
ordered  mono  and  multilayer  films  with  planned  structure  and  properties. 

were  directly  related  to  another  objective  of  the  present  re- 
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search  -  the  development  of  high  quality  multilayer  structures  via  self-assem¬ 
bly.  As  shown  previously  by  us,  the  self-assembly  approach  may,  in  principle, 
be  extended  to  the  preparation  of  ordered  multilayers,  using  a  stepwise  pro¬ 
cess  consisting  of  monolayer  deposition  by  self-assembly  followed  by  its 
subsequent  chemical  modification,  in  order  to  generate  surface  binding  sites 
far  the  anchoring  of  the  next  layer  in  the  structure. 

Obviously,  the  chemical  modification  of  a  preformed  film  is  limited  by  the 
film  structural  stability  under  the  conditions  required  by  the  respective 
chemical  reactions.  Thus,  highly  resistant  and  structurally  stable  films  are 
required  far  this  purpose,  which  demonstrates  the  Interrelation  between  the 
different  main  directions  of  the  present  research:  (i)  studies  on  the  stabil¬ 
ity  and  structural  perfection  of  organic  monolayers  and  development  of  more 
resistant  such  films;  (ii)  development  of  chemical  routes  to  the  efficient  in- 
situ  chemical  modification  of  preassenhled  monolayers;  (ill)  construction  of 
planned  high  quality  multilayer  structures  via  self-assembly.  A  comparison  of 
SA  and  analogous  IB  films,  with  regard  to  their  stability  and  degree  of  struc¬ 
tural  perfection,  was  also  considered  essential  within  the  present  research, 
in  order  to  provide  a  cannon  basis  far  the  evaluation  of  the  performance  of 
ordered  organic  monolayers.  In  general. 

2.  SUMMM3T  OF  MUN  RESULTS 

Most  of  the  experimental  work,  including  the  comparative  investigation  of 
SA  and  analogous  LB  systems,  has  been  done  cn  monolayers  of  long  chain  surfac¬ 
tants,  acme  of  which  were  partially  or  totally  fluorlnated.  Such  surfactants 
may  form  Langmuir  monolayers  cn  water  as  well  as  self-asseofcle  cn  solids. 


Soma  surfactants  containing  aromatic  moieties  have  also  been  synthesized  and 
investigated  as  SA  systems. 

a.  Studies  on  the  Stability,  Structural  Integrity,  and  Barrier  Performance  of 

LB  and  SA  Monolayers 

Experiments  have  been  carried  out  to  determine  the  thermal  behavior  of  seme 
representative  monolayer  systems,1  their  resistance  to  extraction  by  solvents 
and  exposure  to  various  oarrosive  reagents  at  ambient  as  well  as  elevated 
teoperatures.3'3  The  performance  of  monolayers  as  diffusion  barriers,  i.e. 
protectlve/passivatlng  coatings  preventing  the  passage  of  undesired  molecular 
or  ionic  species  from  the  surrounding  environment,  has  also  been  investigat¬ 
ed.3'4  The  main  findings  are  summarized  below: 

*  In  general,  SA  systems  have  shown  superior  properties,  as  oenpared  to 
analogous  I£  films.  In  all  above  mentioned  tests. 

*  SA  silane  monolayers  stabilized  by  intralayer  (lateral)  and  layer- to- 
substrabe  covalent  bonds,  display  remarkably  isproved  performance.  In  terms  of 
stability,  structural  Integrity,  and  barrier  efficiency,  as  oenpared  to  ionic 
fatty  acid  films.1,3'4 

*  Far  esanple,  monolayers  of  long  chain  silanes  cn  aluminium  mirrors  main¬ 
tain  their  highly  ordered  solid- like  state  up  to  temperatures  in  excess  of 
150*C, 1  such  monolayers  on  silicon  may  be  extracted  for  hours  with  various 
solvents,  including  boiling  toluene  (110'C),  or  exposed  to  concentrated  hydro¬ 
chloric  add  at  100 *C  and  L1A1H4  in  boiling  TOP  (67*C),  without  showing  ary 
sign  of  structural  deterioration. 

*  Studies  on  the  penetrability  of  monolayers,  performed  by  means  of  "pene¬ 
tration  reactions"  (reactions  of  ionic  or  molecular  apedes  diffusing  from  an 
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outer  fluid  phase  with  a  monolayer  inner  function,  or  the  underlying  solid 
aibetrate  itself),  demonstrate  that  highly  efficient  protective  barriers  may 
be  produced  crv  Si  and  ZnSe  using  long  chain  silane  monolayers.5,4  Long  chain 
thiols  shew  similar  performance  an  gold.5  It  has  been  demonstrated  that  ori¬ 
ented,  tightly  packed  monolayers  of  long  chain  anphiphiles  may  behave  as  per¬ 
fect  barriers,  provided  they  are  free  of  pinholes  and  their  highly  ordered 
structure  is  preserved  under  exposure  to  the  penetrating  species.4  The  barri¬ 
er  performance  of  monolayers  is  thus  a  function  of  both  their  structural  in¬ 
tegrity  and  stability.  Obviously,  the  morphology  and  chemical  nature  of  the 
aoated  solid  are  important  factors  in  this  respect,  it  thus  appears  that  the 
improved  behavior  of  mixed  thiol-silane  monolayers  on  gold  (monolayers  of  this 
type  may  be  prepared  behaving  as  perfect  barriers  for  ions  as  well  as  water 
itself)  is  a  consequence  of  both  their  ispreved  surface  coverage  and  stabili¬ 
ty,  resulting  from  the  combined  use  of  a  laterally  polymerizable  (silane)  and 
a  surface  attached  monomeric  (thiol)  component. 

*  The  encouraging  results  obtained  in  the  preparation  of  stable,  pinhole- 
free  monolayer  barriers  enabled  us  to  construct  and  demonstrate,  for  the  first 
time,  the  functioning  of  efficient  ion- specific  electrode  coatings  of  molecu¬ 
lar  thickness.5  Such  electrochemical  monolayer  membranes  are  prepared  as 
mixed  monolayers,  incorporating  a  specific  ion-binding  ("active")  component 
within  the  matrix  formed  by  a  nonspecific  ("blocking")  oaipcnent, 
ticne  as  a  barrier  for  undesired  ionic  species. 


which  func- 


b.  Inveetigaticn  of  Surface  ReactLcna  for  the  In-Situ  Chemical  Modification  of 

Preasserabled  Monolayers 

A  number  of  surface  reactions  involving  monolayer  functions  have  been  in¬ 
vestigated  during  this  project:  hydrolysis  of  ester  functions,  reduction  of 
ester  functions,  oxidation  of  ethylenic  double  bends  with  KNh04  in  aqueous  and 
organic  solutions.  The  usefulness  of  such  reactions  as  synthetic  tools  for 
the  modification  of  surface  properties,  or  for  the  activation  of  exposed  mono¬ 
layer  surfaces,  depends  on  the  structural  stability  of  the  monolayers  to  be 
modified,  the  time  required  far  complete  conversion  of  the  reacting  functions, 
and  the  distribution  of  the  reaction  products. 

Main  findings: 

*  Icnically  bonded  fatty  acid  monolayers,  of  either  the  LB  or  SA  type,  do 
not  withstand  the  conditions  required  by  above  mentioned  reactions,  and,  thus, 
may  not  be  modified  using  such  surface  chemical  transformations.* 

*  Covalently  bonded  silane  monolayers  are  considerably  more  resistant  an  Si 
than  on  ZnSe  or  Ge.  Thus,  while  such  reactions  (or  solvent  extractions)  may 
be  carried  out  with  Si  substrates  at  elevated  tenperatures  (above  100*C),3  si¬ 
lane  monolayers  on  ZnSe  or  Ge  are  usually  resistant  under  exposure  to  similar 
treatments  only  act  the  ambient  temperature.  This  may  have  to  do  with  the  na¬ 
ture  of  the  mcnolayer-to-surface  bonding  or  the  possible  slight  dissolution  of 
the  support  itself  (for  ZnSe).* 

*  The  ester  hydrolysis  must  be  oondbebed  in  acidic  (Hd)  media,  as  hot  NaGH 
or  HCH  solutions  cause  damage  to  silane  monolayers,  most  probably  through  the 
hydrolytic  breaking  of  (Si-O-Si)  bcnd^. 


*  With  framrinai  functions,  all  studied  reactions  are  complete  within  times 
of  the  order  of  30  min.,  leading  to  a  single  reaction  product2"4  (the  situ¬ 
ation  is  more  ambiguous  with  aqueous  ro«)4).4 

*  Monolayer  inner  functions  may  also  be  affected,  and  the  reaction  brought 
to  completion,  provided  the  monolayer  is  cleaved  at  the  position  of  the  react¬ 
ing  function.  In  this  case,  much  longer  reaction  times  are  required  (many 
hours),  the  reaction  mechanism  involving  lateral  propagation  from  edges  and 
layer  defects.2 

c.  Construction  of  Planned  Multilayer  Structures  via  Self-Assembly 

The  main  problems  involved  in  the  construction  of  planned  multilayer  struc¬ 
tures  via  chemically-controlled  self-assembly  are  related  to  the  stability  of 
the  interlayer  bending  under  the  conditions  required  for  the  chemical  activa¬ 
tion  of  the  outer  film  surface,  and  the  necessity  of  preserving  the  molecular 
ardor  with  Increasing  member  of  deposited  layers,  i.e.  avoiding  accumulation 
of  structural  defects  from  layer  to  layer. 

We  have  investigated  a  nunber  of  possible  routes  to  the  construction  of 
planned  SA  multilayer  structures,  using  long  chain  silanes  with  terminal 
double  bonds2  or  ester  functions,  aliphatic!2  as  well  as  aromatic.2  Chemical 
surface  activation  has  been  achieved  by  the  conversion  of  terminal  double 
irryh  to  hydroxyls  via  hydroboraticn, 2  the  oxidation  of  double  bonds  to  car¬ 
boxyls  by  organic  permanganate2  (followed  in  some  cases  by  reduction  with 
LiAlH4  to  hydroxyls),  the  acidic  hydrolysis  of  ester  functions  to 
twmrinoi  carboxyls,3  and  LIAIH4  reduction  of  ester  functions  to  terminal  hy¬ 
droxyls.2,2 
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Results  obtained  in  the  course  of  the  prooont  roooarrh  project  demonstrate 
that,  if  adequately  applied,  each  of  the  above  mentioned  chemical  activation 
routes  may,  in  fact,  lead  to  multilayer  structures  of  good  quality.  It  became 
apparent  that  some  of  the  difficulties  previously  reported  by  us2,6  originated 
in  the  purity  of  the  monolayer  forming  ocnpounds  and  the  contamination  of  the 
activated  film  surface  by  traces  of  photochemical  ly  generated  phosgene  present 
in  the  rinsing  solvent  (chloroform). 

Two  examples  of  multilayer  construction,  involving  the  hydrbbaration  of  the 
terminal  double  bond  of  a  long  chain  aliphatic  silane,  and  the  redaction  of  a 
long  chain  silane  with  an  aromatic  eater  function,  are  given  in  ref.  3.  It  is 
quite  cbvlcus  from  these  examples  that  sterical  factors  play  an  important  role 
in  the  engineering  of  SA  multilayer  structures.  Thus,  to  avoid  accunulation 
of  structural  defects,  which  may  then  interfere  with  the  smooth  deposition  of 
additional  layers  an  top  of  each  other,  it  is  important  to  maintain  the  orien¬ 
tation  and  tight  molecular  packing  of  each  layer.  Apparently,  this  ensures 
that  the  intralayer  polymerization  proceeds  to  the  extent  that  lateral  "bridg¬ 
ing"  can  compensate  for  missing  binding  sites  or  other  structural  defects  in 
the  underlying  layer.  In  this  manner,  each  layer  becomes  independent  of  that 
lying  mdemaath  it,  and  the  accumulation  of  structural  defects  with  the  depo¬ 
sition  of  additional  layers  is  thus  avoided.  Based  on  these  results,  studies 
have  been  initiated,  and  are  presently  in  progress,  aiming  at  the  construction 
of  SA  multUayer  films  provided  with  oriented  aromatic  chromqphores  as  intrin¬ 
sic  part  of  their  structure  (see  "3rd  Periodic  Report"). 
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CONCLUSIONS  AM)  REwCMMEMKITCNS 


The  main  objectives  of  the  herewith  summarized  research  project  have  been 
successfully  accomplished,  the  results  demonstrating  zeal  possibilities  far 
certain  technological  applications  of  self-assembled  mono  and  multilayer 
films; 

1.  The  performance  of  covalently  bonded  silane  monolayers,  in  terms  of  degree 
of  structural  perfection  and  stability,  may  meet  the  specifications  required 
far  a  range  of  practical  applications,  including  their  utilization  as  protec- 
tive/passivating  coatings. 

2.  Since  the  chemical  nature  and  morphology  of  the  coated  solid  play  active 
roles  In  the  mode  and  strength  of  layer- to- surface  binding,  also  affecting  the 
structural  perfection  of  a  monolayer  coating,  one  must  regard  the  solid  subs¬ 
trate  as  an  Integral  part  of  any  monolayer  system  fanned  via  self-assembly, 
the  performance  of  a  monolayer  barrier  Is  thus  to  be  evaluated  only  with  ref¬ 
erence  to  a  particular  substrate,  the  same  monolayer  ocnpcnents  behaving  dif¬ 
ferently  on  different  substrates.  As  the  various  analytical  methods  employed 
during  the  prooont  project  were  not  universally  applicable  to  each  of  the 
studied  solid  substrates.  It  is  rather  difficult  to  establish  quantitative 
correlations  between  the  various  monolayer/ substrate  systems  with  regard  to 
their  barrier  efficiencies.  Fbr  exanple,  while  quantitative  FTIR  spectroscopy 
in  the  Total  Internal  Reflection  node  could  be  applied  to  Si  and  Znse,  the 
powerful  electrochemical  methods  were  applicable  to  Au  substrates  only. 

To  develop  a  protective  or  passivating  monolayer  coating  for  a  specific  ap¬ 
plication,  it  will,  therefore,  be  necessary  to  prepare  and  test  it  in  direct 
relation  to  the  particular  application  far  which  it  Is  Interred.  In  general. 
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the  results  obtained  during  the  present  studies  demonstrate  that  useful  mono¬ 
layer  barriers  may  actually  be  engineered  using  techniques  of  monolayer  self- 
assembly. 

3.  Studies  performed  in  the  course  of  this  research  project  indicate  that  high 
quality  multilayer  structures  are  obtainable  via  self-assembly,  provided  the 
right  type  of  monolayer-forming  components  and  proper  experimental  conditions 
are  employed. 

While  some  general  hints  emerge  from  these  studies  as  to  what  may  work  and 
what  not,  additional  basic  research  will  be  certainly  required  to  establish 
reliable  rules  regarding  the  construction  of  SA  multilayers.  Further  research 
will  also  be  required  to  develop  ary  particular  new  system  which  might  present 
interest  far  a  particular  type  of  application.  It  is  reasonable  to  assume 
that  the  gradual  accumulation  of  more  experimental  data  in  this  area  will 
shorten  the  research  effort  necessary  for  the  development  of  new  and  more  com¬ 
plex  SA  systems. 

If  the  prospect  of  Investing  a  large  effort  in  the  development  of  novel  SA 
film  systems  may  be  discouraging,  one  should  be  reminded  that  the  alternative 
LB  route  is,  in  fact,  not  shorter  if  films  meeting  a  particular  set  of  speci¬ 
fications  are  to  be  produced.  Thus,  despite  the  considerable  research  effort 
so  far  invested  in  LB  films  all  over  the  world,  no  technological  applications 
of  such  systems  have  been  yet  reported.  On  the  basis  of  the  present  results, 
it  appears  that  chances  are  much  better  to  reach  this  goal  by  the  self-assem¬ 
bly  approach. 
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Msnacr 

Organized  monolayer  structuzae  prepared  on  polar  aollds  via  spontane¬ 
ous  adsorption  from  organic  solutions  ( self-assembly)  exhibit  some  rath¬ 
er  unique  features,  particularly  relevant  with  regard  to  possible  tech¬ 
nological  applications  of  such  systems. 

The  outstanding  stability  of  oovalently  bended  monolayers  under  expo¬ 
sure  to  a  variety  of  adverse  physical  and  chemical  agents  allows  well 
known  methods  of  synthetic  organic  chemistry  to  be  applied  to  their  in- 
sltu  chemical  modification.  This  offers  Interesting  new  opportunities 
far  the  engineering  of  planned  film  structures,  directly  on  the  desired 
solid  surface. 


Proceedings  of  the  NATO  Ad¬ 
vanced  Research  workshop  on  "Properties  and  Applications  of 
2-Dhnenaicnal  Organic  Films:  is  Films  m3  Related  Structures",  val 
de  Cburoalle  (Paris),  France,  5-9  An  1988,  J.  Chim.  Phys.,  in 


Examples  will  be  given  to  illustrate  the  key  roles  of  molecular  or¬ 
ganization  and  mode  of  film-to-eurfaoe  binding  in  the  chemical  manipula¬ 
tion  of  preassembled  films,  while  briefly  discussing  seme  related 
aspects  of  the  process  of  molecular  self-assembly  at  solid-liquid  inter¬ 
faces.  The  discussion  will  focus  on  three  different  directions  of  ap¬ 
plication: 

1.  Preparation  of  stable  organic  surfaces  with  well  defined  outer 
functionality. 

2.  Construction  of  planned  multilayer  structures  via  self-assembly. 

3.  Construction  of  monolayer  barriers  and  utilization  of  "penetra¬ 
tion"  reactions  as  sensitive  probes  of  the  penetrability  and 
structural  integrity  of  monolayers  films. 


onscDucnoM 

Organized  monolayer  films  have  long  been  considered  attractive  for  a 
variety  of  applications  of  scientific  interest,  however,  it  is  only  re¬ 
cently  that  research  In  this  area  has  entered  the  critical  stage  of 
evaluating  the  technological  feasibility  of  soma  of  these  applications1. 

Formation  of  ordered  monolayers  via  self-assembly^-1®,  i.e.  spontane¬ 
ous  adsorption  from  a  hulk  fluid  phase  (usually  organic  solution)  onto  a 
polar  solid  contacting  the  fluid,  prooento  sane  rather  unique  features, 
i rfvLch,  apart  from  their  theoretical  significance,  are  particularly  va¬ 
luable  from  the  point  of  view  of  possible  technological  applications  of 
monolayer  systems.  Thus,  being  a  spontaneous  molecular  process,  the 


gel  f -organisation  of  Molecules  act  fluid-solid  lnterfacee  should  neoee- 
sarily  lead  to  stabilized  (low  free  energy)  structures,  at  least  inder 
the  conditions  prevailing  during  their  formation.  The  process  does  not 
involve  Mechanical  operations.  Meaning  that  the  quality  of  eelf-apoom 
bled  fllMS  is  not  effected  by  Macroscopic  Mechanical  factors,  and, 
therefore,  should  not  depend  on  the  availability  of  sophisticated  depo¬ 
sition  equipment.  Ordered  self-assembling  Monolayers  May,  in  principle, 
be  prepared  on  a  large  variety  of  anooth  polar  solids,  regardless  of 
their  size,  shape,  or  stats  of  dispersion0.  Furthermore,  as  water  is 
not  required  in  the  formation  of  these  Monolayers,  the  use  of  water-sen¬ 
sitive  materials  is  also  allowed,  as  well  as  that  of  monolayer  conso¬ 
nants  not  necessarily  possessing  the  amphiphilic  character  required  for 
formation  of  insoliiaia  Langmuir  monolayers  at  water-gas  interfaces10'11. 
Finally,  the  direct  anchoring  of  the  film  to  the  underlying  solid  subs¬ 
trate  is  one  of  the  most  important  features  characteristic  of  salf-as- 
sembly.  Since  the  driving  force  in  the  process  of  monolayer  formation 
on  solid  surfaces  is  largely  provided  by  the  attractive  interactions  be¬ 
tween  the  adsorbate  Molecules  and  the  solid,  the  specific  mode  of  bind¬ 
ing  to  the  solid  plays  key  roles  in  the  dynamics  of  film  formation  as 
well  as  in  the  stabilization  of  the  final  film  structure11,12.  As  we 
have  shown0,11"17,  the  layer-to-eurface  and  intralayer  covalent  bonding 
achieved  in  self -assembled  silane  monolayers  results  in  remarkably  im¬ 
proved  film  stability.  Covalently  bonded  silane  nonolayers  were  found 
to  be  highly  resistant  to  adverse  conditions,  such  as  prolonged  axtrac- 
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tiers  by  good  solvents11"13,  high  tenpecratures14,  and  treatments  by  cor¬ 
rosive  chemicals13'13.  Such  monolayers  are  expected  to  meet  the  strin¬ 
gent  stability  requirements  posed  by  a  variety  of  applications  of  tech¬ 
nological  interest.  In  addition,  the  high  structural  stability  con¬ 
ferred  by  covalent  bending  offers  interesting  new  synthetic 
possibilities,  through  the  in  situ  chemical  modification  of  ptreasaenbled 
films,  directly  on  the  desired  solid  surface15"17  (see  below). 

Research  conducted  in  this  laboratory  over  the  past  several  years  has 
aimed  at  elucidating  a  number  of  basic  questions  regarding  the  process 
of  monolayer  formation  via  aslf-sssenbly3,8,12,13,  while  exploring  the 
feasibility  and  general  problematics  of  the  chemical  manipulation  of 
pronoMiihlad  film  structures15"17.  Ds  purpose  of  this  paper  is  to 
briefly  discuss  a  nuriber  of  examples  illustrating  possibilities  far  the 
liw^  of  'i  yQnOlfly6C8  in  three  different  directions  of  ap¬ 
plication  bearing  technological  relevance. 

l.  Hxanaauat  of  surface  iwoferxibs  -  preparation  of  stable  organic 


Seme  examples  of  important  scientific  and  technological  applications 
that  should  benefit  from  the  availability  of  organic  surfaces  with  well 
defined  outer  functionality  (in  terms  of  the  chemical  nature,  density 

v 

and  orientation  of  the  anrpooad  functions)  are  listed  below: 

*  Flndamantai  studiee  of  physical  and  chemical  farces  operating  at 
interfaces1,18. 

*  Coupling  of  two  surfaces  (adhesion)19. 


*  Prevention  off  aAaaicn  -  low  energy  surfaces20-22. 

*  Bioocapatible  surfaces6'23'24. 

*  Qpitaartal  control  of  crystal  growth25. 

The  use  of  oriented  monolayers  exposing  the  desired  functions  pro¬ 
vides  an  attractive  straightforward  route  to  the  preparation  of  such 
surfaces.  However,  the  usefulness  of  this  approach  is  limited  by  the 
usual  low  stability  of  monolayer  coatings.  For  example,  unless  polymer¬ 
ized  inter  water24,26  ac  under  a  hydrophilic  coating24,  Langtnuir-Blod- 
gett  monolayers  exposing  polar  outer  functions  undergo  the  well  known 
turn-over  rearrangement  (to  a  non  polar  outer  surface)  when  pulled  out 
of  the  water  through  the  water-air  interface27.  Surface-bound  monolay¬ 
ers  prepared  by  self-assembly  offer  a  satisfactory  solution  to  the  prob¬ 
lem  of  stability  of  monolayer  coatings.  The  modification  of  the  chemi¬ 
cal  nature  of  a  solid  surface  upon  coating  with  such  monolayers  may,  in 
principle,  be  achieved  in  two  different  ways: 

a)  The  monolayer  forming  molecules  are  designed  such  as  to  orient  on 
the  surface  with  the  desired  function  pointing  outwards. 

b)  The  desired  surface  function  is  introduced  via  the  in  situ  chemi¬ 
cal  modification  of  preassembled  monolayers  made  of  appropriate 
bifunctlonal  constituents  (see  Figure  1). 

Figure  1  here 

The  first  route  is  usually  applicable  to  the  preparation  of  low^sner- 
gy  ncn-polar  surfaces  (except  for  cases  where  the  anchoring  to  the  sur- 
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face  is  highly  specific  and  effected  through  moieties  having  poor  gener¬ 
al  reactivity  or  adsarptivity,  like  thiols  or  sulphides  on  gold6,9,10), 
while  the  aoccnd  cne  allows  stable  surfaces  with  polar  outer  functional  - 
ity  to  be  produced.  In  the  following,  examples  will  be  given  illustrat¬ 
ing  the  use  of  the  first  route  in  the  preparation  of  fluarlnated  surfac¬ 
es  and  of  the  second  cne  in  the  preparation  of  surfaoes  with  exposed 
carboxylic  or  hydroxylic  groups. 

fjuarinsttad  gurfacas 

Surfaoes  exposing  closely  packed  (-CF3)  groups  exhibit  the  highest  so 
far  observed  llquictophobicity  (highest  contact  angles  with  respect  to 
water  as  well  as  organic  liquids)20.  Fluarlnated  monolayers  are  of  in¬ 
terest  for  the  preparation  of  highly  non-adherent  (low  energy)  surfaces, 
as  inert  protective  coatings,  and  also  in  comae tlcn  with  their  special 
electrical  properties28. 

Highly  oleophobic  fluarlnated  surfaoes  prepared  in  the  pest  by  ad¬ 
sorption  of  perfluorinatad  fatty  adds20  had  low  stability,  particularly 
in  contact  with  water,  which  limited  considerably  their  usefulness  as 
hydrophobic  coatings.  Looking  for  a  convenient  staple  route  to  the 
synthesis  of  fluarlnated  surfactants  suitable  far  preparation  of  stable 
nanolayers  with  the  desired  structural  properties,  we  have  used  intra¬ 
chain  ester  functions  to  obtain  partially  fluorlnated  long  chain  surf ac¬ 
tants  in  which  a  hydrocarbon  chain  segment  serves  as  spacer  between  the 
tsndnal  fluorocarbon  one  and  a  silane  or  carboxyl  head  group  (Compounds 


(B),  (C) ) .  It  was  anticipated  that  the  packing  density  and  orientation 
of  such  partially  fluorinated  chains  would  be  determined  by  the  bulkier 
fluorocarbon  segments20,21,  thus  producing  monolayers  with  densely 
packed  outer  (-CF3)  groups.  The  long  chain  acid  (C),  structurally  anal¬ 
ogous  to  the  silane  (B),  lends  itself  to  preparation  of  monolayers  via 
both  self-assembly  (SA)  and  the  Langrauir-Blodgett  (LB)  method21,  which 
provided  us  with  the  important  additional  option  of  ccnparing  the  tvro 
types  of  films3,13  (see  also  section  3  below). 

Formulas  of  Ocnpounds  (A),  (B),  (C)  here 

The  formation  and  structure  of  SA  monolayers  of  a  series  of  partially 
fluorinated  long  chain  and  fluorinated  short  chain  surfactants,  such  as 
(B),  (C)  and  (A),  have  been  investigated  using  Fourier  transform  infra¬ 
red  (FTIR)  spectroscopy  In  the  internal  reflection  (ATR)3  and  external 
reflection  (reflectLon-absorption-RA)4' 7,8,13  modes,  and  contact  angle 
— nsur—ntn3"5, .  Glass,  aluminum,  ZnSe,  Ge  and  Si  were  employed  as 
solid  substrates.  The  SA  monolayers  were  compared  with  IB  monolayers  of 
compound  (C)  on  the  respective  substrates  from  the  water-air 
interface3,13. 

It  was  found  that  the  silane  (B)  forms  covalently  bonded  SA  monolay¬ 
ers  exhibiting  surface  energies  in  the  range  of  the  lowest  values  (high¬ 
est  contact  angles)  so  far  reported20,  while  displaying  remarkably  high¬ 
er  stability,  under  exposure  to  both  organic  advents  and  water,  than 
previously  reported  fluorinated  add  monolayers20.  The  fluorocarbon 


chain  segments  in  such  monolayers  appear  to  actually  approach  a  state  of 
dense  pecking  with  rather  good  perpendicular  orientation  an  the  surface, 
while  the  hydrocarbon  segments  are  more  disordered,  as  expected  from  the 
difference  in  the  cross  sections  of  the  fluorocarbon  and  hydrocarbon 
chains?0'21.  Short  chain  flucrinated  surfactants  such  as  the  silane  (A) 
or  the  corresponding  acid  tend  to  adsorb  as  partially  oriented  multilay¬ 
ers,  possibly  as  a  result  of  their  low  solubility  in  the  hydrocarbon 
solvents  employed  in  these  experiments. 

Table  1  here 

Figure  2  here 


Examples  of  AIR  spectra  and  the  respective  contact  angle  values  are 
given  in  Figure  2  and  Table  I  far  sane  representative  films  of  compounds 
(A),  (B)  and  (C),  and  also  for  a  monolayer  of  n-octadacyltrlchlarosilane 
(OTS)  12  an  Ge.  The  significantly  higher  contact  angles  measured  an 
films  of  the  long  chain  silane  (B),  as  oonpared  with  those  of  the  other 
fluorinated  compounds,  point  to  the  more  uniform  orientation  and  possi¬ 
bly  denser  molecular  packing  of  the  farmer3'12.  This  conclusion  is  cor¬ 
roborated  by  the  IR  data.  According  bo  the  integrated  intensities  of 
the  (— CUtjj— )  stretch  bands  around  2900  an-1  (compare  curve  (B)  with  that 
of  OTS  in  Figure  2),  compound  (B)  forms  an  oriented  SA  monolayer  with  a 
packing  density  of  the  order  of  33  A2/molecule21.  The  intensity  of  the 
<-cf2->  stretch  band  act  1151  an*1  In  curve  (B)  is  ce.  1.7  times  higher 


than  that  of  the  analogous  LB  monolayer  In  curve  (C),  while  the  corre¬ 
sponding  (-CH2-)  bends  at  2922  an-1  differ  by  a  factor  of  only  1.17. 
This  points  to  differences  in  both  the  density  and  the  molecular  orien¬ 
tation  of  the  two  films'*,  the  SA  silane  monolayer  being  denser  and  hav¬ 
ing  better  perpendicular  orientation  of  its  fluorocarbon  segments.  Fur¬ 
ther  evidence  supporting  these  conclusions  is  obtained  from  the  analysis 
of  the  KA  spectra  of  the  respective  monolayers  on  A1  (not  shown).  Com¬ 
pared  to  OTS,  the  broadening  and  blue-shift  (from  2918  cm*1  to  2922 
cm*1)  of  the  (-CH2-)  stretch  bands  of  (B)  and  (C)  are  both  indicative  of 
the  looser  packing  and  less  ordered  arrangement  of  the  hydrocarbon  seg¬ 
ments30  in  these  partially  fiuorlnated  anphiphiles.  Finally,  the  inte¬ 
grated  intensity  of  the  1151  an'1  band  in  curve  (A)  is  seen  to  be  ca.  10 
times  larger  than  that  in  curve  (C),  clearly  demonstrating  the  multilay¬ 
er  nature  of  the  adsorbed  film  fanned  by  the  short  chain  silane  (A). 

Surfaces  with  Exposed  Carboxylic  or  Hydrnacylic  Groups 

Figure  3  here 

the  surface  hydrolysis  and  reduction  of  a  bifuncticnal  monolayer  with 
a  silane  head  group  and  a  terminal  aromatic  ester  function  (Cj^SPE)  are 
schematically  depicted  in  Figure  3.  As  demonstrated  by  the  ATR  spectra 
In  Figures  4  and  5,  these  surface  modification  reactions  can  be  carried 
cut  to  completion  within  reasonable  times,  without  affecting  the  integ¬ 
rity  of  the  reacted  monolayers,  ihe  advancing  ocntact  angles  far  H^O 
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and  bicyclohexyl  change  accordingly®'  16, 17,  from  initial  values  of  ca. 
90*and  31*,  to  final  values  of  ca.  55*and  0*on  the  acid  surface,  and 
50 ‘and  0*  an  the  alcohol  surface,  respectively.  It  should  be  noted  that 
the  presence  of  the  terminal  benzene  ring  inpooos  a  somewhat  looser 
chain  pecking  In  these  monolayers,  as  compared  with  that  reached  in  mon¬ 
olayers  of  normal  long  chain  anphiphiles  such  as  OTS^. 

Figures  4  and  5  here 

Hydroxyl  and  carboxyl  reach  surfaces  prepared  by  this  method  are  per¬ 
fectly  stable  under  water  as  wall  as  In  air  cr  in  organic  solvents,  and 
may  thus  be  used  in  various  applications,  among  others,  in  the  construc¬ 
tion  of  SA  multilayer  arganizabee1®' 17  (Figure  1,  see  also  below). 

2.  ccNffnsjcnoN  cr  hjmod  hjlthaj a*  structures  via  self-assobly 

Seme  of  the  most  attractive  possible  applications  of  organized  mono- 
layer  aseenhliee  follow  from  their  precisely  defined  architecture,  in 
terra  of  the  position  and  orientation  of  individual  molecular  constitu¬ 
ents  in  apace.  Many  of  these  applications  require  that  ordered  struc¬ 
tures  thicker  than  one  monolayer  be  assembled.  Examples  include  the  fa¬ 
brication  of  piezo,  pyroelectric  and  non- linear  optical  elements, 
molecular  insulators,  conductors,  and,  in  the  more  distant  future,  the 
eventual  assembly  of  mare  sophisticated  elements  for  molecular  electron¬ 
ic  devices1.  Therefore,  developing  methods  for  the  construction  of 
planned  layered  aaeenfelieB  of  gradually  increasing  ocnpiexlty,  suffi- 
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derrtly  resistant  far  applications  of  practical  Interest,  constitutes  a 
major  objective  in  monolayer  roooarch  today1.  As  we  have  shewn16,17, 
curtaining  the  basic  process  of  monolayer  self-aoocnfoly  with  the  in  situ 
chemical  modification  (activation)  of  preassembled  monolayers,  provides 
a  promising  new  synthetic  approach  to  the  construction  of  such  struc¬ 
tures  (Figure  1).  The  chemical  activation  of  the  cuter  monolayer  sur¬ 
face,  realized  through  the  use  of  bifunctional  monolayer  constituents, 
plays  the  role  of  a  controllable  triggering  system  allowing  sequential 
deposition  of  discrete  monolayers  in  e  growing  multilayer  structure. 
The  required  stability  of  the  resulting  structure  may  be  achieved  by  In¬ 
ter  and  Intralayer  covalent  bonding  of  Its  constituents.  We  should  em¬ 
phasise  that  the  use  of  monolayer  constituents  with  "inert"  outer  func¬ 
tions,  convertible  into  "active”  cnee  upon  appropriate  surface  chemical 
treatment,  is  oooontlal  if  precise  control  on  the  deposition  and  orien¬ 
tation  of  each  monolayer  is  to  be  maintained. 

Our  first  attempts  to  construct  SA  multilayer  films  according  to  the 
scheme  in  Figure  1  met  with  some  difficulties16, 17 ,  which  now  appear  to 
have  originated  in  technical  problems  related  to  the  purity  of  the  mono- 
layer  farming  oonpounde  end  the  contamination  of  the  exposed  film  sur¬ 
face  following  the  chemical  activation  steps.  As  demonstrated  by  the 
enuplee  given  below.  If  adequately  applied,  the  basic  adsorption-sur- 
faos-chaari  cel  -activation  approach  depleted  in  Figure  1  may  yield  high 
quality  self -assembled  multilayer  structures  (Experimental  details  will 
be  provided  in  a  nunber  of  forthcoming  publications). 


Figure  6  shews  IR  spectra  recorded  during  the  construction  of  a 
5-layers  film  of  a  long  chain  (C^g)  silane-terminal  double  bond  surfac¬ 
tant  (NTS),  using  the  previously  reported  general  method  of  double  bends 
conversion  to  terminal  hydroxyls  (via  hydroboraticn  and  treatment  with 
basic  HjOjz)  and  interlayer  coupling  through  covalent  (Si-O-C)  bridges16. 
As  evidenced  by  the  absorbance  intensities  in  Fig.  6,  within  the  experi¬ 
mental  error,  each  deposited  layer  represents  a  complete  monolayer  of 
densely  packed  and  perpendicularly  oriented  NTS  molecules,  no  systematic 
variations  In  the  amount  of  material  and  its  orientation  being  detecta¬ 
ble  from  layer  to  layer,  nils  is  confirmed  by  the  constant  high  contact 
angles  measured  after  the  deposition  of  each  of  the  five  layers 
( 103 *-105*  for  H2p,  50 *-52’  far  bicyclohexyl,  44 *-46’  for  n-hexade- 

O  1C 

cane)'9''1’0.  Thus,  the  stepwise  film  growth  process  appears  to  proceed 
smoothly  and  independent  of  the  total  nuitoer  of  superimposed  lay¬ 
ers16'17. 


A  different  exanpie  of  oultilayer  construction  using  the  same  basic 
approach  1b  given  in  Figure  7.  The  surface  activation  of  this  aromatic 
ester  monolayer,  realized  via  its  reduction  to  the  respective  terminal 
alcohol  (Figure  3),  involves  removal  of  the  terminal  benzene  ring.  This 
is  seen  to  result  in  a  surfactant  with  a  molecular  cross  section  smaller 
than  that  of  the  initial  one.  Soma  of  the  "statical  matching"  difficul¬ 
ties  arising  from  the  use  of  such  a  bifincfcLonal  surfactant,  featuring  a 
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terminal  function  bulkier  than  its  main  hydrocarbon  core  (Figure  1),  are 
apparent  in  Figure  7.  In  order  to  preserve  the  orientation  of  the  pa¬ 
raffinic  chains  following  removal  of  the  aromatic  end  groups,  and  thus 
allow  regular  deposition  of  ordered  layers  on  top  of  each  other,  it  was 
necessary  to  introduce  GTS  molecules  as  "filler”  material  into  the  free 
space  between  the  chains  of  the  Cj^SPE  molecules,  using  this  strategy, 
a  multilayer  film  made  of  9  superimposed  monolayers  was  constructed  on  a 
Si  ATR  plate,  each  layer  containing  besides  C^ySFE  the  equivalent  of  ca. 
10%  of  a  complete  OTS  monolayer. 

Ant  spectra  recorded  after  deposition  of  the  first,  third  and  sixth 
layer  in  this  nine  layers  film  are  shown  in  Figure  8.  The  step-by-step 
growth  In  the  thickness  of  the  film  is  evidenced  by  the  corresponding 
growth  in  the  absorbance  of  the  (-O^-)  stretch  bands3,16,17  around  2900 
cm-1,  while  the  constancy  of  the  carbonyl  stxebch  band  at  1761  cm-1  dem¬ 
onstrates  the  basic  equivalence  of  each  of  the  respective  C17SPE  mono¬ 
layers  in  the  nultilayer  film.  It  should  be  further  noted  that  the  car¬ 
bonyl  bend  disappears  following  each  reduction  step  (see  Figures  3,  5), 
only  the  last  deposited  (unreduced)  monolayer  in  the  growing  multilayer 
film  retaining  the  ester  function  (Figure  7).  The  stepwise  film  growing 
process,  according  to  Figure  7,  is,  finally,  confirmed  by  the  alterna¬ 
tion  in  the  contact  angles  following  each  adsorption  and  reduction 
step16,17.  The  HjjO  advancing  contact  angle  was  found  to  alternate  be¬ 
tween  ca.  90*  and  50*  and  the  bicyclohexyl  angle  between  ca.  26*  and  0* 
far  each  layer,  except  for  the  first  one,  on  which  the  initial  bicyclo- 
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hexyl  contact  angle  was  ca.  30*  This  points  to  a  possible  slight  differ¬ 
ence  in  the  orientation  of  the  molecules  in  each  of  the  upper  layers  as 
ccnpared  with  the  first  one. 


Figure  8  hare 


Further  work  Is  now  in  progress  aiming  at  the  construction  of  aromat¬ 
ic  multilayer  structures  designed  such  that  their  molecular  packing  and 
orientation  are  not  drastically  affected  by  the  surface  chemical  activa¬ 
tion  of  each  layer.  UV  and  polarized  UV  spectroscopy  are  used  to  deter¬ 
mine  the  chemical  transformations  and  the  orientation  of  the  aromatic 
moieties  in  these  films. 

3.  axonsvcxxoN  of  monolayer  moans.  unuzanoN  of  nvaasaaaiar 

REACTIONS  as  SENSITIVE  PROBES  OF  THE  PENETRABILITY  AND  STRUCTURAL 
INTEGRITY  GF  MONOLAYER  FUMS 

Ordered  solid-like  monolayers  of  long  chain  anphiphiles  are  expected 
to  behave  as  efficient  ultrathin  diffusion  barriers  for  various  ionic 
and  molecular  species.  This  follows  from  the  exceptionally  high  density 
and  rigidity  of  such  films,  achieved  through  the  uniform  alignment  and 
tight  packing  of  their  molecular  constituents.  The  possibility  of  engi¬ 
neering  efficient  monolayer  barriers  Is  attractive  for  a  number  of  novel 
applications,  including  the  development  of  ultrathin  protective  coat¬ 
ings,  high  resolution  electron-beam  resists,  ultrathin  selective  mem¬ 
branes,  and  selective  monolayer-modified  electrodes1.  However,  the  lit- 
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eracture 


presents  apparently  contradictory  evidence  regarding  the 
penetrability  of  monolayer  and  multilayer  films15'29.  An  extensive  com¬ 
parative  study  of  the  penetrability  of  sane  mono  and  multilayer  IB  films 
and  SA  monolayers  recently  carried  out  in  this  laboratory15'29  demon¬ 
strates  that  the  passage  of  molecular  and  ionic  species  across  a  tightly 
packed  monolayer  assembly  of  oriented  long  chain  anghlphiles  occurs 
through  fortuitous  structural  defects  in  the  assembly,  or  through  de¬ 
fects  generated  under  the  action  of  the  penetrating  species.  The  pen¬ 
etrability  of  the  films  was  probed  by  monitoring  the  extent  of  KMnD4  ox¬ 
idative  attack  on  intralayer  located  ethyl enic  double  bends.  Both 
aqueous29  and  organic15  solutions  of  KMn04  were  examined.  As  before, 
PHR-ATO  spectroscopy  and  ocntact  angle  measurements  were  employed  to 
reveal  the  chemical  and  structural  transformations  undergene  by  the 
films  upon  thair  exposure  to  the  penetrating  reagents.  Some  of  the  main 
results  of  this  investigation  are  listed  below: 

*  SA  monolayers  of  long  chain  add  salts  were  found  to  be  less  pene¬ 
trable  than  analogous  LB  films  containing  from  one  to  three  super¬ 
imposed  monolayers.  This  is  a  consequence  of  the  higher  degree  of 
perfection  and  higher  structural  stability  of  the  SA  monolayers. 

*  It  is  possible  to  produce  SA  add  salt  monolayers  displaying  high 
barrier  efficiencies  when  exposed  to  the  KMn04  solutions  for  times 
of  the  order  of  several  minutes.  Longer  exposure  times  result  In 
gradual  deterioration  of  the  ordered  structure  of  such  ionic  films, 
with  a  corresponding  drastic  increase  in  their  penetrability. 


-  15  - 


*  Cbvalently  bended  SA  monolayers  of  both  saturated  and  unsaturated 
long  chain  silanes  are  highly  stable  and  Impenetrable  (in  their 
tightest  node  of  packing)  in  the  aqueous  permanganate  environment. 
Saturated  silane  monolayers  display  similar  behaviour  in  the 
organic  permanganate. 

*  Uhsaturated  silane  monolayers  undergo  in  the  organic  reagent  very 
slow  oxidative  cleavage  of  the  chains  at  the  position  of  the  double 
bands,  via  a  mechanism  of  lateral  propagation  starting  from  edges 
and  layer  defects,  the  process  ends  in  the  formation  of  an  orient¬ 
ed  shorter  chain  monolayer  with  exposed  carboxyl  ate  functions  (Fig¬ 
ure  9). 


Figure  9  here 

The  ATR  spectra  in  Figure  10,  taken  before  and  after  exposure  of  an 
unsaturated  silane  monolayer  to  the  organic  permanganate  reagent  for  2 
and  6  hours,  confirm  the  gradual  cleavage  of  the  chains,  as  suggested  in 
Figure  9. 

For  comparison.  Figure  11  shows  AIR  spectra  of  complete  and  incom¬ 
plete  monolayers  of  the  same  unsaturated  silane  as  in  Figure  9  taken 
during  their  exposure  to  the  aqueous  permanganate  reagent.  According  to 
the  decrease  in  the  absorbance  of  the  (OC)  bend  at  964  cm-1,  mare  than 
60%  of  the  ethylanic  functions  in  the  incomplete  monolayer  are  oarirtlaart 
within  3  minutes,  while  no  measurable  change  ii.  the  absorbance  of  this 
band  is  Observed  in  the  ocqplete  (densely  pecked)  monolayer  even  after 
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30  to  90  minutes  exposure  to  the  reagent  (only  th e  30  min.  spec  trim  is 
shorn  in  Figure  11).  The  penetration  of  the  aqueous  permanganate  Ion 


into  the  Inter  core  of  a  monolayer  is  thus  clearly  seen  to  depend  on  its 
packing  density,  being  efficiently  blocked  by  layers  approaching  their 
tightest  mode  of  packing.  Except  for  the  decrease  in  the  (OC)  bend  ab¬ 
sorbance  of  the  incxnplete  monolayer,  practically  no  other  spectral 
changes  are  observed  in  Figure  11,  thus  demonstrating  the  structural 
stability  of  these  silane  monolayers  in  the  aqueous  KMnO^  solution. 

Figures  10  and  11  here 

The  present  results  emphasise  the  important  role  of  film  structural 
stability,  beet  dee  Its  degree  of  structural  perfection,  in  the  engineer¬ 
ing  of  useful  monolayer  barriers.  Covalently  banded  silane  monolayers 
were  found  to  exhibit  remarkably  superior  performance  in  such  applica¬ 
tions  as  compared  to  lonically  bonded  add  films.  It  1s  further  demon¬ 
strated  that  "penetration"  reactions  are  very  useful  as  sensitive  probes 
of  the  penetrability  of  monolayer  films,  while  supplying  additional  va¬ 
luable  information  on  their  overall  structural  stability.  Finally,  the 
lateral  cleavage  of  unsaturated  silane  monolayers  by  the  organic  perman¬ 
ganate  reagent  suggests  interesting  synthetic  possibilities  for  the 
preparation  of  oriented  short  chain  monolayers  with  outer  polar  func¬ 
tionality.  In  general,  neither  the  IS  method  nor  the  self-assembly  from 
solution  allow  such  structures  to  be  directly  produced. 
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CONCLUDING  REMARKS 

Examples  were  prooontod  dencnstrating  the  potential  of  monolayer 
self-assembly  In  a  range  of  possible  applications.  The  attention  has 
been  focused  on  three  main  Issues  bearing  particular  relevance  with  re¬ 
gard  to  the  possible  technological  utilization  of  monolayer  systems: 

*  Hie  stability  of  organic  monolayers. 

*  The  degree  of  structural  perfection  attainable  in  solid-supported 
films. 

*  The  availability  of  film  building  methods  enabling  construction  of 
organized  assemblies  with  the  desired  molecular  architecture. 

As  far  as  the  compactness,  integrity  and  film  structural  stability 
are  concerned,  it  is  now  possible  to  produce  covalently  bonded  SA  mono¬ 
layers  of  iaproved  quality  as  compared  to  related  IB  films.  Such  mono¬ 
layers  are  promising  as  molecular  barriers  and  in  applications  demanding 
modification  of  surface  properties.  The  enhanced  stability  of  covalent¬ 
ly  banded  SA  monolayers  allows  a  variety  of  chemical  modification  reac¬ 
tions  to  be  directly  conducted  on  preassembled  films,  thus  offering  new 
synthetic  options  in  the  construction  of  more  complex  layered  assem¬ 
blies. 

The  NTS  compound  (Fig.  6)  was  a  gift  sample  kindly  supplied  by  Kazu- 
fumi  Ogawe  of  Matsushita  Electric  Ind.  CO.,  LTD.,  Osaka,  Japan. 

Partial  support  of  this  work  by  a  grant  from  the  European  Research 
Office  of  the  U.S.  Amy  is  gratefully  acknowledged. 
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Table  1.  Equlllhriun  Advancing  Oontact  Angles  Measured  on  the 


Films  of  Figure  2 


Film? 


n-Hssadecane  Bicyclohexyl  KjO 


A,  OTS/Ge 

45* 

51* 

112 

(A)  A,  PFOTS/Ge 

70* 

78* 

112 

(B)  A,  C1q(F)CL3SE(11)/Gb 

81* 

88* 

124 

(C)  L,  Cjg( F JC^AE/Ge 

71* 

75* 

108 

aA  and  L  designate  films  produced  by  self  -assembly  (Adsorption) 
and  the  LB  method,  respectively. 
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Fig.  1.  Schematic  representation  of  the  utilization  of  bifunctional 
monolayer  constituents  in  the  preparation  of  organic  surfaces  with  polar 
outer  functionality,  and  in  the  construction  of  planned  self-assembling 
multilayer  structures.  The  in  situ  chemical  modification  (activation) 
of  the  preassembled  film  is  a  key  feature  in  both  applications.  Active 
functions  are  defined  as  those  carrying  potential  far  binding  to  the 
surface,  or  to  which  an  adrU-Hnnai  monolayer  may  bind. 

Fig.  2.  FflK-ATR  spectra  of  SA  films  (Adsorbed,  A)  of  ocnpounds  (A), 
(B)  and  OTS,  and  of  a  LB  monolayer  (L)  of  the  Cd4-*  salt  of  compound  (C) 
on  Germanium.  The  IB  monolayer  was  quantitatively  transferred  at  a  con¬ 
stant  pressure  of  20  dyne/cm  and  a  nominal  area/molecule  of  31  A2.  The 
SA  films  were  prepared  under  conditions  leading  to  saturation  of  the  ad¬ 
sorption  and  maximal  contact  angles  for  each  of  the  respective  com¬ 
pounds?'^2.  For  GT!S,  only  the  3000-2800  cm*1  spectral  region  is  shown. 

Mg-  3.  Surface  hydrolysis  or  reduction  of  the  ester  function  of  a  bi- 
functicnal  silane  ester  surfactant  (C^ySFE)  in  a  covalently  bonded  SA 
monolayer,  according  to  the  general  approach  formulated  in  Figure  1 
(lateral  and  layer- to-surf ace  ( -Si-O- )  bonds  are  schematically  shown). 
Quantitative  modification  of  the  exposed  ester  functions  is  achieved  un¬ 
der  the  indicated  reaction  conditions  without  affecting  the  Integrity  of 
the  underlying  portion  of  the  monolayer. 


**g-  FTZR-ATO  spectra  cn  all  icon  of  a  monolayer  of  the  silane  ectoer 
surfactant  (C^^SPE)  shown  in  Figure  3,  before  (lower  curve)  and  after 
Hd  hydrolysis  of  the  ester  function  to  the  respective  terminal  acid. 
The  Quantitative  disappearance  of  the  ester  carbonyl  band  and  the  ap¬ 
pearance  of  a  carboxylic  add  bend  are  evident  at  1757  and  1713  cm-1, 
respectively.  The  Integrity  of  the  ncnolayer  is  preserved  under  the 
conditions  of  the  reaction,  as  confirmed  by  the  invariance  of  the 
(-CH2-)  stretch  bands  around  2900  cm"*. 

Pig.  5.  Spectra  as  in  Figure  4,  taken  before  (lower  curve)  and  after 
LIAIH^  reduction  of  the  ester  function  to  the  respective  terminal  alco¬ 
hol.  Note  the  quantitative  disappearance  of  the  ester  carbonyl  band  at 
1758  cm"1  and  the  Invariance  of  the  (-CHj-)  bands  around  2900  an-1. 

FTIR-ATR  spectra  of  a  5-layers  film  of  ncnadaoenyltzlchlcroai- 
lane  (NTS)  on  silicon,  showing  (from  the  left)  the  (C-H)  stretch  region 
of  the  entire  film  and  the  individual  contributions  of  each  of  the  five 
monolayers  in  the  structure.  The  individual  ocntxlbuticns  are  differ¬ 
ence  spectra,  each  n-th  layer  representing  the  mathematical  subtraction 
of  the  spectrum  recorded  after  the  deposition  of  n-1  layers  from  that  of 
the  oorreepcndlng  n-layers  film.  Formula  of  NTS,  bound  to  the  surface 
and  laterally  polymerized  via  ocnvalent  ( -Si-O- )  bends,  is  depicted  in 
the  Insert. 

Fig.  7.  Construction  of  a  SA  multilayer  film  of  C^ySPE  (see  oespound 
formula  in  Figure  3)  according  to  the  general  approach  formulated  in 
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Figure  1.  The  interlayer  binding  la  realized  through  the  formation  of 
(Si-O-C)  bridges,  involving  the  reaction  of  the  exposed  hydroxyl  groups 
of  the  activated  monolayer  with  the  chlorosilyl  groups  of  the  adsorbing 
molecules.  One  OTS  molecule  (C^g)  la  schematically  shown  to  fill  the 
free  space  between  the  paraffinic  chains  of  two  C^ySPE,  (C17)  molecules 
(see  text  for  details). 

Mg.  8.  FTXR-ATR  spectra  on  silicon  taken  after  deposition  of  one, 
three  and  adz  C^ySPE  monolayers  In  a  multilayer  film  constructed  accord¬ 
ing  to  the  procedure  outlined  In  Figure  7. 

Fig.  9.  Oxidative  cleavage  of  the  chain  of  a  surface  Immobilized  unsa¬ 
turated  long  chain  silane  (1)  by  the  orawn-ethetr-KMnOj  complex  In  ben¬ 
zene.  Terminal  aldehyde  functions  (3)  are  further  oxidized  to  carbaxy- 
lates  (2). 

Mg.  10.  FTXR-ATR  spectra  of  a  ocnplete  monolayer  of  the  unsaturated 
silane  surfactant  shown  in  Figure  9  on  ZnSe:  (a)  before  exposure  to  or¬ 
ganic  KM0O4;  (b),  (c)  after  exposure  to  the  reagent  far  two  and  six 
hours,  respectively;  (d)  after  treatmunt  of  (c)  with  Id.  The  gradual 
cleavage  of  the  chains  (at  0^3=0^ ) ,  with  the  formation  of  a  surface  im¬ 
mobilized  Cjg  silane- terminal  acid  salt  monolayer  and  the  concomitant 
detachment  from  the  surface  of  the  shorter  Cg  acid  segment  (Figure  9), 
Is  evident  from  the  gradual  disappearance  of  the  (C=C)  and  (-0%)  bands 
at  963  and  2957  cm'1,  respectively,  the  reduction  in  the  Intensities  of 
the  (-0*2-)  bends  at  2919  and  2851  cm'1,  and  the  simultaneous  appearance 
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of  carboocylate  (-C XXT)  bands  at  1549  and  1558  cm-1  (curves  (a)  -  (c)). 
The  disappearance  of  the  carbcocylate  bands  and  the  appearance  of  a  free 
carboxyl  band  at  1702  cm-1,  upon  acidification  of  the  surface,  is  evi¬ 
dent  in  curve  (d).  The  progression  of  weak  bands  visible  in  curve  (d) 
between  1186-1239  cm”*  points  to  the  rigid  all-trans  conformation  of  the 
chains  in  the  residual  monolayer^' 

Fig,  11,  Spectra  as  in  Figure  10  for  complete  (lower  part)  and  incom¬ 
plete  monolayers  of  the  unsaturated  silane  surfactant  of  Figure  9,  be¬ 
fore  and  after  exposure  to  aguecus  KMn04  for  the  indicated  periods  of 
time  (see  text  for  details). 
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Coammafcatioa  la  liring  oegaaisam  is  governed  by  cell  bilayer 
membranes,  which  selectively  recognize  a  specific  component  in 
the  penaence  of  others  and  accordingly  respond.  The  functioning 
of  such  moleoalar-eize  barriers  involves  molecular  and  quantum 
praceeaea  deriving  from  a  precise,  purpose  oriented  architecture, 
and  attempts  have  been  made  to  create  artificial  sapramolecular 
structures  exhibiting  similar  properties1'*.  In  particular,  chemi¬ 
cally  modified  electrodes,  coated  with  various  types  of  organic 
layers'*'1*,  have  been  used  to  control  the  access  of  electroactive 
species  from  solution,  hot  such  systems  have  so  far  lacked  some 
of  the  important  features  of  real,  molecular-size  membranes.  Here 
we  present  the  grst  example  of  an  electrode  coated  with  a  stable, 
ion-selective  artiScial  membrane  having  the  thickness  of  just  one 
molecule,  which  successfully  mimics  basic  structural  and  func¬ 
tional  pthmiples  of  the  natural  bilayer  nmuibraae.  This  monolayer 
m»  ■brans,  produced  by  molecular  srlf-aosembiy  oa  gold,  can 
rerognlte  a  selected  metal  ion  in  the  presence  of  other  ions,  and 
thus  Induces  a  sped  he  electrode  response.  It  cnnelrti  of  synthetic 
‘receptor  sites’,  designed  to  impart  the  deelnd  selectivity,  embed¬ 
ded  within  aa  inert  monolayer  matrix  which  blocks  recast  sites 
on  the  surface  and  so  prevents  the  pamagr  of  nndssired  species. 
The  supporting  gold  electrode  permits  electrochemical  analysis  of 
the  msmhrans  structure  and  performance.  Such  monolayer  mem¬ 
branes  may  aid  the  study  of  elementary  charge  transfer  processes 
at  liquid  solid  interfaces,  and  contribute  to  future  molecular-based 

Impermeable  one-molecule-thick  barriers  for  ions  and  water 
have  recently  been  produced  on  gold1*'11  using  techniques  of 
monolayer  self-assembly1*'23.  Achieving  ion  selectivity  in  such 
systems  is  more  complex,  as  the  ‘active*  element  providing  the 
desired  selectivity  may  not  form  61m  structures  that  are  compact 
enough  to  prevent  leakage  of  other,  undesired  species.  We  show 
here  the  feasibility  of  an  approach  baaed  upon  the  use  of 
self-assembled  mixed  monolayers,  containing  both  ‘active’ 
(monolayer-forming  ligand)  and  ‘blocking’  (surface-sealing 
long-chain  amphiphile)  components23,  so  that  a  specific 
response  for  metal  ions  forming  1 : 1  complexes  with  the  ligand 
is  achieved. 


The  ligand  used  was  2X-thiobisethyl  acetoacetate, 
S(CHiCHjOCOCH,COCH,)j  (TBEA,  Fig.  1),  designed  and 
synthesized  as  ‘active*  component.  The  two  0-1 -to  ester  groups 
of  TBEA  form  a  tetradentate  chelating  centre,  and  the  sulphur 
bridge  was  designed  to  anchor  the  ligand  to  a  gold  sur- 
face1**2®-23-2* Surface-bound  tetradentate  TBEA  is  an  excellent 
candidate  for  the  formation  of  1 : 1  complexes  with  divalent 
metal  ions,  such  as  Cu2*,  but  is  geometrically  unsuited  for 
binding  trivalcm  metal  ions,  such  as  Fe3*,  that  require  octahedral 
coordination.  Therefore,  in  terms  of  geometric  discrimination 
(and  also  electrochemical  suitability),  Cu2*  and  Fe3*  are  con¬ 
venient  ionic  probes  to  test  the  selectivity  of  the  present 
monolayer-coated  electrodes. 

Figure  2c  shows  a  cyclic  voitammogram  of  a  bare  gold  elec¬ 
trode  in  HjSO,  solution  containing  Cu5*  and  Fe3*.  The  Fe3*/2* 
reduction-oxidation  peaks  are  marked  with  arrows;  the  small 
peaks  around  -0.1  J  V  correspond  to  underpotential  deposition 
(UPD)  of  a  monolayer  of  Cu  on  Au27  and  the  peaks  at  -0.SS  V 
(reduction)  and  -0.40  V  (oxidation)  correspond  to  deposition- 
dissoiution  of  bulk  Cu.  Examination  of  an  electrode  coated  with 
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Flf.  I  Schematic  representation  of  TBEA,  Cu;*-TBEA  complex, 
and  it-octadecyl  mercaptan  (OM),  adsorbed  on  gold  substrate. 
Note  that  ligand  binds  Cu2*  in  the  enol  form  upon  losing  two 
protons,  and  thus  the  complex  is  neutral.  TBEA  was  prepared  by 
the4-dimethylaminopyridine(DMAP)-catalysed  reaction”  of  2,2'- 
thiobisethanol  with  diketene.  Cold  electrodes  were  prepared  by 
spuner-deposition  of  —1,000  A  gold  on  glass  microscope 
slides1*'21,  followed  by  annealing  for  13  min  at  420  °C,  which 
reduces  the  gold-surface  roughness. 


only  TBEA  (Fig.  26)  indicates  a  film  structure  not  sufficiently 
compact  to  prevent  leakage  of  Fe3*  through  uncovered  portions 
of  the  electrode.  (TBEA  was  adsorbed  on  gold  by  immersion 
in  a  solution  containing  3.3  x  10~2  M  TBEA  in  bicyclo¬ 
hexyl  :  chloroform,  4 : 1  v/v,  for  3.5  h;  the  resulting  electrodes  are 
denoted  Au/TBEA.)  Evidently  the  introduction  of  an  appropri¬ 
ate  ‘blocking*  element  is  necessary  for  the  proper  functioning 
of  the  system.  It  was  expected  that  addition  of  a  surface-sealing 
monolayer  component  to  the  adsorption  solution  might  result 
in  a  continuous  mixed  monolayer  barrier  with  ion-selective  sites 
embedded  within  a  compact,  electrochemically  inert  matrix. 
Previous  experience1*'21  pointed  to  n-octadecyl  mercaptan, 
CHj(CHi),7SH  (OM,  Fig.  1)  as  a  suitable  such  component. 
Thus  mixed  monolayer  membranes  were  prepared  on  gold  sub¬ 
strates  by  co-adsorption  of  the  two  components  from  a  solution 
containing  2.0xlO'2M  TBEA+2.0x  10'2  M  OM  in  bicydo- 
hexyl : chloroform,  4:1  v/v,  for  3.5  h.  These  electrodes  are 
denoted  Au/(TBEA+OM). 

The  performance  of  the  mixed  (TBEA  +  OM)  monolayer 
membranes  was  compared  with  that  of  gold  electrodes  coated 
with  the  same  ligand,  but  sealed  with  a  thin  electrodeposited 
polymeric  film  (-10-15  A  thick)  of  I-naphthol  (NP),  known  to 
suppress  electrochemical  reactivity2*  (Fig.  2c).  Figure  2e  and  / 
show,  respectively,  voltammetric  curves  of  an  Au/(TBEA+  NP) 
electrode  in  Cu2*  solution  and  in  a  mixed  solution  of  Cu2*  and 
Fe3*.  Although  the  electrode  is  inert  to  Fe3*,  Cu2*  peaks  are 
clearly  observed.  The  voitammogram  of  the  soluble  Fe’*-ethyl- 
acetoacetate  complex  in  Fig.  2 i  indicates  that  the  absence  of 
Fe3*'2*  peaks  in  Fig.  2c  and  /  is  not  due  to  a  possible  shift  in 
the  redox  potentials  of  complexed  Fe3*. 

The  qualitative  behaviour  of  a  typical  Au/(TBEA  +  OM)  elec¬ 
trode,  shown  in  Fig.  2d  and  g  for  solutions  containing  Fe3*  or 
both  Cu2*  and  Fe3*  ions,  respectively,  is  similar  to  that  of 
Au/(TBEA+NP)  (Fig.  2c  and  /);  however,  a  considerably 
decreased  background,  virtually  coinciding  with  the  baseline, 
in  Fig.  2d  and  g,  indicates  a  dear  improvement  of  the  barrier 
properties  for  the  mixed  monolayer  membrane.  Thus  the  selec¬ 
tive  complexation  of  Cu2*  enables  its  penetration  into  the 
monolayer  and  electron  exchange  with  the  underlying  electrode, 
whereas  hydrated  Fe3*  remains  in  the  bulk  solution  at  consider¬ 
ably  greater  distance  from  the  electrode,  which  predudes  its 
electrochemical  reduction  in  the  applied  voltage  range.  Fe3* 
forms  a  red  complex  with  dissolved  TBEA,  possibly  an 
oligomeric  octahodml  complex.  For  steric  reasons,  this  should 
be  prevented  when  the  ligand  is  bound  to  the  surface  in  an 
oriented  monolayer.  Total  suppression  of  voltammetric  response 
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Flj.  2  Cyclic  voltammograms  in  0.1  M  H2S04  containing  1.0  mM 
Cu2',  3.0  mM  Fe3*.  or  both  (scan  rate:  0.10  V  s“‘;  electrode  area: 
0.63  cm2;  MSE  is  mercurous  sulphate  reference  electrode,  +0.400  V 
versus  saturated  calomel  electrode),  a,  Au  in  Cu2*  +  Fe3',  b, 
Au/TBEA  (—80%  coverage)  in  Fe3*,  c.  Au/(TBEA+NP)  in  Fe3*; 
d,  Au/(TBEA+OM)  in  Fe3*.  e.  Au/(TBEA+NP)  in  Cu2*;  /, 
Au/(TBEA+  NP)  in  Cu2*  +  Fe3*;  *,  Au/(TBEA  +  OM)  in  Cu2*  + 
Fe3*;  A,  Au/(TBPA+OM)  in  Cu2*  +  Fe3*;  i,  Au  in  0.1  M  HjS04 
containing  0.4  M  ethyl  acetoacetate  and  either  Cu2*  (solid  line) 
oi  Fe3*  (broken  line).  The  ligand  coverage  was  estimated  from  the 
minimal  amount  of  charge  reouired  to  block  Au/(TBEA)  with 
naphthol  polymer  (towards  Fe'*)  compared  to  that  required  to 
block  a  bare  electrode  of  Che  same  geometric  area.  Surface 
coverages  of  co.  80%  with  TBEA  are  typical.  Essentially  the  same 
curves  as  c  and  d  are  obtained,  respectively,  for  Au/NP  and 
Au/ OM  in  either  Cu2*,  Fe3*,  or  Cu2*  +  Fe3*.  For  c,  e,  /,  naphthol 
polymer  (NP)  was  deposited  in  a  stirred  solution  containing 
1.0  mM  1-naphlhol  in  0.3  M  H2S04  by  passing  a  constant  anodic 
current  for  2.0  pA  cm'2  for  4.S  min.  This  corresponds  to  about  10 
layers  of  NP  deposited  at  ligand-uncovered  sites  of  the  electrode, 
which  results  in  a  NP  film  thickness  comparable  with  that  of  the 
ligand  monolayer  itself. 


Pig.  3  RA-FT7R  spectra  of:  a,  Cu2*-TBEA  complex  in  a 
Au/(Cu2-TBEA+OM)  electrode  (specimen  obtained  by  immer¬ 
sion  of  Au/(TBEA+OM)  in  saturated  aqueous  copper  acetate 
solution  adjusted  to  pH  7.S  with  sodium  acetate,  for  1.3  h  at  40- 
45  *C);  b,  TBEA  in  the  electrode  of  a,  after  electrochemical  removal 
of  the  Cu2*  by  cycling  three  times  in  0.1  M  H2S04  between  +0.35  V 
and  -0.75  V  (v.  MSE);  c,  TBEA  in  bulk  liquid.  The  spectra  in  a 
and  b  were  produced  by  a  weighted  subtraction  of  Au/OM  spec¬ 
trum  from  the  spectra  of  the  respective  electrodes  in  a  and  b.  The 
spectral  features  in  the  3,000-2,800  cm-1  region  represent  various 
C— H  stretch  modes19’23.  The  peaks  at  1,744  and  1,716  cm-1  are 
C=0  stretch  modes  of  the  ester  and  ketone  functions,  respectively, 
of  TBEA  in  the  keto  form  (ref.  30,  pp.  150  and  204).  The  features 
between  1,660  and  1,510  cm'1  are  characteristic  of  the  Cu2*- 
acctoacetate  complex  ( ref.  30,  pp.  165  and  209),  the  bands  around 
1,660cm'1  (a,  6)  and  1,653-1,630  cm'1  (c)  thus  being  assigned  to 
the  conjugated  ester  and  double  bond  of  TBEA  in  the  enol  form 
(ref.  30,  pp.  165  and  209)  (see  Fig.  1).  The  spectra  in  a  and  b  were 
taken  with  parallel  polarized  radiation  in  the  reflection-absorption 
(RA)  mode,  at  an  angle  of  incidence  of  75'  and  a  resolution  of 
4cm'1  (ref.  19).  The  spectrum  in  c  was  taken  in  the  transmission 
mode,  at  the  same  resolution,  using  a  thin  film  of  pure  TBEA 
between  two  NaCI  windows. 


is  also  observed  with  other  ions,  which  are  either  trivalem  (for 
instance,  Ce1*)  or  sterically  incompatible  (for  instance,  VO2*). 

The  monolayers  on  gold  were  characterized  by  contact-angle 
measurements'’’22'24’24,  reflection-absorption  Fourier  transform 
infrared  (RA-FT1R)  spectroscopy1*’20  ",  and  various  electro¬ 
chemical  measurements1*-21,  a  full  discussion  of  which  is  beyond 
the  scope  of  this  paper.  Indirect  electrochemical  evidence  indi¬ 
cates  —50%  ligand  coverage  in  the  present  (TBEA + OM)  mixed 
monolayers.  Surprisingly  high  contact  angles  for  Au/(TBEA+ 
OM),  indicative  of  a  rather  unusual  mode  of  Sim  packing 
(typical  values:  108*,  59*  and  57*  for  water,  bicyclohexyl  and 
n-hcxadecanc,  respectively,  with  no  hysteresis)  and  significant 
contact  angle  variations  are  observed  after  Cu2*  uptake  and 
removal.  Figure  3  shows  selected  infrared  spectra  for  the 
Au/(TBEA+OM)  system,  from  which  a  number  of  general 
conclusions  can  be  drawn:  (1)  complexed  TBEA  (enol  form) 
can  be  detected  spectroscopically  in  the  monolayer  on  gold;  (2) 
the  enol  form  is  preserved  upon  electrochemical  removal  of  the 
Cu2*;  (3)  differences  in  the  relative  intensities  of  the  various 
C-H  stretch  peaks  in  Fig.  3a,  b  and  e  are  indicative  of  non- 
random  orientation  of  TBEA  on  the  surface1*’21;  (4)  the  system 
appears  stable  towards  electrochemical  treatment 

Common  prominent  features  in  Fig.  2/  and  g,  which  may  be 
correlated  with  structural  characteristics  of  an  ordered  Cu2*- 


selective  monolayer  barrier,  are:  ( 1 )  the  complete  absence  of 
Fe3*/2*  peaks;  (2)  the  absence  of  Cu  UPD  peaks;  (3)  the  negative 
shift  of  the  bulk  Cu  deposition  peak  by  -0.25  V;  (4)  the  existence 
of  a  loop  when  the  voltammetric  scan  direction  is  reversed.  The 
absence  of  Cu  UPD  peaks  indicates  that  Cu  atoms  are  deposited 
inside  the  organized  monolayer  at  some  distance  from  the  sur¬ 
face,  not  in  direct  contact  with  the  gold  substrate.  The  shift  in 
the  bulk  Cu  deposition  potential  and  the  voltammetric  loop  are 
indicative  of  the  preferred  perpendicular  orientation  of  the 
ligand.  In  a  monolayer  where  TBEA  molecules  are  oriented 
normal  to  the  substrate  plane  (as  in  Fig.  1),  the  complexed  Cu2* 
ions  are  held  at  a  distance  of  —7  A  from  the  Au  surface,  which 
introduces  a  tunnelling  barrier  for  electron  transfer  with  the 
underlying  electrode  (assuming  that  quantum-mechanical  tun¬ 
nelling  governs  electron  transfer  over  distances  of  this  order  of 
magnitude).  However,  reduced  Cu  atoms  are  not  complexed 
and  may  be  deposited  within  the  ligand  ‘cavity'  closer  to  the 
electrode,  thus  lowering  the  energy  barrier  for  further  electron 
transfer.  Voltammetrically,  the  initial  barrier  is  manifested  as 
an  increased  overpotential  for  the  reduction,  i.e.  a  negative  shift 
of  the  reduction  potential,  whereas  the  easier  electron  transfer 
provided  by  the  first  layer  of  deposited  Cu  atoms  gives  rise  to 
an  autocatalytic  effect,  appearing  as  an  enhanced  reduction 
current  (and  thus  a  loop)  on  the  reverse  scan.  Experiments  with 
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decreasing  reversal  potentials  (not  shown)  indicate  that  even 
sub-monolayer  amounts  of  Cu  atoms  may  cause  such  appreci¬ 
able  catalytic  effects. 

From  the  negative  shift  of  the  Cu 2*  reduction  peak 
potential,  observed  with  Au/(TBEA  +  OM)  relative  to  a  bare 
gold  electrode  (Figs  2g  and  i),  and  considering  a  tunnelling 
mechanism  for  the  electron  exchange  with  the  metal,  one  can 
estimate  the  potential  shifts  to  be  expected  for  varying  distances 
between  CuJ+  and  the  underlying  electrode.  To  verify  these 
expectations,  a  new  ligand  molecule  which  contains  an  addi¬ 
tional  methylene  group,  3,3'-thiobispropyl  acetoacetate, 
S(CHXH!CH:OCOCH2COCH3)j  (TBPA),  was  prepared  and 
tested  under  identical  electrochemical  conditions.  Assuming  a 
similar  orientation  of  the  two  ligands  with  respect  to  the  sub¬ 
strate,  the  metal  ion  with  TBPA  should  be  located  0.5- 1.0  A 
further  away  from  the  gold  surface  than  with  TBEA.  Indeed, 
this  results  in  a  reduction  peak  potential  more  negative  by 
—0.030  V  for  the  deposition  of  Cu  with  TBPA  (Fig.  2g  and  h). 
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which  agrees  qualitatively  with  the  proposed  tunnelling 
mechanism. 

Thus  we  have  demonstrated  the  possible  use  of  spontaneous 
molecular  organization  at  liquid-solid  interfaces  for  the  prepar¬ 
ation  of  solid-supported  functional  monolayer  structures.  Struc¬ 
ture-function  interrelations  in  supramolecular  organizates  of 
this  type  appear  to  be  advantageously  revealed  by 
electrochemical  techniques.  Such  artificial  setf-assembled  sys¬ 
tems  are  of  particular  significance  in  view  of  their  resemblance 
to  the  natural  bitayer  membranes  ( with  respect  to  their  molecular 
dimensions,  mode  of  organization,  and  spontaneous  formation), 
while  offering  high  stability  and  the  option  of  systematic 
modification. 
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The  extent  of  oxidation  at  uneaturated  monolayer  constituent*  by  aqueous  KMnO,  is  employed  to  probe 
the  penetration  of  ion*  from  an  aqueous  phase  into  organized  monolayer  assemblies  of  some  long-chain 
add  and  adane  surfactant*.  Hm  stogy  comprise*  aolid-aupportod  I^ngmuir-Blodgett  (LB)  and  self-assembled 
(SA)  monolayers  as  well  as  a  aeries  of  LB  built-up  (multilayer)  films,  the  molecular  architecture  of  which 
was  planned  such  as  to  fumiah  evidence  on  the  depth  of  penetration  of  the  permanganate  ion  into  the 
inner  core  of  a  compact  film  assembly.  A  combined  analysis  of  the  structural  stability  and  the  reactivity 
of  the  films,  as  revealed  by  FTIR-ATR  spectroscopy  and  wettability  observation*,  suggests  a  defect-controlled 
mechanism  for  the  passage  of  ions  across  tightly  packed  monolayers  and  multilayers  of  oriented  long-chain 
surfactants.  The  barrier  efficiency  of  the  investigated  films  is  thickness  independent,  in  the  range  between 
one  to  three  auperimpoeed  monolayers,  being  determined  by  the  structural  perfection  of  the  films  and  their 
stability  under  the  action  of  the  penetrating  species,  solely.  Self-assembled  monolayers  are  found  to  be 
more  stable  and  leas  penetrable  than  each  of  the  presently  studied  monolayer  or  trilayer  LB  assemblies. 
Wetting  of  a  monolayer  or  multilayer-covered  polar  solid  by  water  or  by  the  aqueous  permanganate  solution 
is  shown  to  require  establishment  of  direct  contacts  between  the  bulk  liquid  and  the  underlying  solid  surface 
and  lateral  diffusion  of  the  liquid  in  the  film-solid  interface. 


Introduction 

Organized  monolayer  structures  produced  on  polar  solid 
surface*  via  spontaneous  adsorption  from  organic  solutions 
(self-assembling  monolayers)  an  supramolecular  organi- 
zatea  resembling,  in  some  respects,  the  well-known  Lang- 
muir-Blodgett  (LB)  built-up  films  while  displaying  other 
distinct  and  rather  unique  features.1'10  Apart  from  their 
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relevance  in  the  study  of  molecular  self-organization,  in 
general,  much  of  the  interest  in  self-assembling  (SA) 
monolayers  stems  from  their  potential  in  a  wide  range  of 
scientific  and  technological  applications.3 

So  far,  most  of  the  published  material  on  SA  monolayere 
has  focused  on  their  formation  and  structure  as  derived 
by  various  physical  methods.1'10  The  chemical  properties 
and  reactivity  of  self-assembling  monolayers  have  only 
brisfly  been  touched,  mainly  in  relation  to  their  binding 
to  the  solid  surface14,7'10  and  to  their  chemical  modifica¬ 
tion,  as  required  in  the  construction  of  planned  multilayer 
structures.3  The  present  series  of  papers  is  intended  to 
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report  reeutU  of  a  study  of  some  model  surface  reactions 
involving  the  penetration  of  a  reagent  from  an  adjacent 
fluid  phase  into  the  inner  core  of  a  more  or  leas  ordered 
monoiqm  structure.  Useful  information  was  derived  from 
a  comparative  investigation  of  LB  and  self-assembled 
systems,  the  emphasis  being,  however,  on  the  latter. 

The  study  of  “penetration-controlled’  reactions  was 
considered  of  particular  interest  for  several  reasons:  (a) 
Following  the  behavior  of  an  organised  molecular  assembly 
under  exposure  to  a  penetrating  reagent  may  serve  as  a 
sensitive  tool  tog  probing  its  three-dimensional  architec¬ 
ture,  structural  integrity,  and  overall  stability  under  the 
action  of  the  reagent  Information  derived  from  such 
studies  is  essential  in  the  evaluation  of  a  number  of  in¬ 
teresting  potential  applications  (scientific  aa  well  as  tech¬ 
nological)  of  self-assembling  monolayers  depending  on 
their  performance  as  molecular  diffusion  barriers,  (b) 
Information  on  monolayer  penetrability  is  demanded  in 
the  selection  of  appropriate  synthetic  strategies  for  the 
construction  of  self-assembling  multilayer  structures.3  (c) 
Conducting  chemical  reactions  in  a  highly  ordered  and 
anisotropic  environment,  such  as  that  provided  by  an  or¬ 
ganised  monolayer  assembly,  has  been  shown  to  give  rise 
to  various  catalytic  and  selectivity  effects. 11  ~u  The  im¬ 
penetrability,  or  selective  penetrability,  of  a  given  mono- 
layer  system  may  lead  to  interesting  such  effects.1*'1*  As, 
in  principle,  the  self-assembly  method  allows  ordered 
monolayers  to  be  prepared  on  large-area  particulate  sup¬ 
ports,5  such  systems  might  become  useful  in  preparative- 
scale  synthetic  applications. 

The  quite  extensive  literature  devoted  to  the  penetra¬ 
bility  of  monolayers,  including  monolayers  at  water-gas 
interfaces  as  well  as  solid-supported  built-up  films,  pres¬ 
ents  apparently  contradictory  data  regarding  the  efficiency 
of  monolayers  as  molecular  diffusion  barrier*. ‘*-*7'>lul  For 
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example,  carefully  prepared  monolayers  of  saturated 
long-chain  fatty  acids  (C17  to  C*)  at  the  water-air  interface 
were  reported  to  reduce  the  rate  of  water  evaporation  by 
factors  as  high  as  10*  relative  to  that  from  the  free  water 
surface,*1  and  built-up  films  of  cadmium  arachidate  ca.  six 
monolayers  thick  wen  found  to  block  completely  access 
of  water  to  the  underlying  surface,2*  while,  on  the  other 
hand,  relatively  large  molecules  were  reported  to  diffuse 
without  difficulty  through  a  large  number  of  monolayers 
in  LB  built-up  assemblies  of  same  or  similar  surfac¬ 
tants.®-** 

As  built-up  LB  films  are  metastable  structures,  sus¬ 
ceptible  to  alterations  of  their  planned  architecture,*7'** 
much  of  the  apparent  inconsistency  found  in  the  literature 
on  monolayer  penetrability  might  originate  in  inherent 
difficulties  associated  with  the  proper  structural  charac¬ 
terization  of  the  studied  systems  or  in  the  interpretation 
of  the  observed  effects.  In  spite  of  these  difficulties,  one 
may  expect,  on  the  basis  of  theoretical  considerations  and 
existing  experimental  evidence,  that  closely  packed  solid- 
like  monolayers  of  long-chain  surfactants,  immobilized  on 
a  solid  surface  and  strongly  anchored  to  it,  should  behave 
aa  efficient  barriers  with  respect  to  diffusion  of  ions  and 
molecules  exceeding  a  certain  critical  size.  This  expecta¬ 
tion  follows  from  the  proposed  mechanism  of  diffusion 
through  Langmuir  monolayers  et  the  water-gas  interface, 
according  to  which  the  lateral  mobility  of  the  surfactant 
molecules  in  the  layer  plane  is  an  essential  factor  in  the 
statistical  formation  of  interchain  gape  through  which 
water  or  other  gas  molecules  may  move  across  the 
film.1*-*1-30  Furthermore,  to  rationalize  the  observed  pen¬ 
etrability  of  some  solid-supported  built-up  films,  models 
were  proposed  invoking  variable  degreee  of  film  fluidity,2225 
lateral  diffusion  in  the  interlayer  hydrophilic  planes,1*® 
or  other  types  of  motion  of  the  film-forming  mole- 
culaB,*®*7  while  rigid  films  of  cadmium  arachidate  (three 
to  five  monolayers  thick)  deposited  on  flat  solids  by  the 
LB  method  were  reported  to  provide  efficient  protection 
to  the  underlying  surface  against  a  number  of  corrosive 
chemicals  in  aqueous  solution.51 

Since  both  the  film  packing  density  and  its  strength  of 
anchoring  to  the  underlying  solid  substrate  may  be  easily 
controlled  and  varied  in  monolayers  prepared  by  sponta¬ 
neous  adsorption  from  solution,15®  it  wss  anticipated  that 
a  comparative  investigation  of  self-assembling  Mid  related 
LB  monolayers  might  help  solve  some  of  the  basic  ques¬ 
tions  regarding  the  penetrability  of  monolayers. 

The  first  three  papers  in  this  series  deal  with  solid- 
supported  monolayer*  and  multilayer  films  of  saturated 
and  unsaturated  long-chain  fatty  adds  and  silanes  (with 
terminal  and  intrachain  ethytenk  double  bond  functions) 
exposed  to  aqueous  and  organic  KMn04  solutions.  The 
investigation  was  carried  out  in  parallel  on  LB  mono-  and 
multilayer  films  and  analogous  SA  monolayers  prepared 
on  several  different  flat  substrates.  Fourier  transform 
infrared-attenuated  total  reflection  (FT1R-ATR)  spec¬ 
troscopy,  including  measurements  with  Unearty  polarized 
radiation,*  and  wettability  observations*  were  used  to 
determine  the  initial  ootnpaaitioa  and  structure  of  the  films 
and  to  follow  the  chemical  and  structural  transformations 
produced  upon  their  exposure  to  the  permanganate  solu¬ 
tions.  The  planring  at  the  experiments  sought  to  answer 
the  following  specific  questions:  (a)  How  stable  are  the 
various  studied  film  assemblies  under  exposure  to  the 
liquid  reagent,  and  what  are  the  chemical  and  structural 
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•  trarmfomatioma  produced  by  the  KMnO.,  oxidation  of  the 

imeehireted  mooolaywa?  How  does  the  reactivity  of  a  film 
l  correlate  with  its  structural  stability?  (b)  How  does  the 

efficiency  of  the  double  bond  attack  by  permanganate 
correlate  with  structural  features  of  the  film,  such  as  its 
density  of  pecking  or  the  location  of  the  double  bond  below 
the  exposed  film  surface?  (c)  Are  the  rigidity  of  the  film 
end  the  immobilization  at  the  film  constituent  molecules 
(strength  of  anchoring  to  the  solid  surface)  important  in 
preventing  the  penetration  of  the  reagent  into  the  film? 
(d)  What  is  the  (dative  importance  of  molecular  diffusion 
across  the  film,  versus  peonage  through  defects,  and  lateral 
diffusion  in  the  interlayer  planes  or  in  the  film-substrate 
interface?  (e)  What  is  the  role  of  the  hydrophobic  effect*1 
in  inhibiting  penetration  of  ions  from  an  aqueous  phase 
into  the  nonpolar  region  of  the  film? 

The  experimental  material  included  in  this  first  paper 
in  the  aeries  is  intended  to  provide  a  comparative  picture 
of  the  behavior  of  monolayers  (LB  and  SA)  and  LB 
built-up  multilayer  sssemhlies,  under  exposure  to  aqueoua 
permanganate,  while  the  following  paper34  in  this  issue  is 
devoted  to  a  detailed  investigation  of  the  aqueous  per¬ 
manganate  interaction  with  monolayer  films  only.  The 
third  paper*  deals  with  monolayer  films  treated  with 
KMn04  in  organic  solution. 

Experimental  Section 

Materials.  Except  whan  otherwise  stated,  all  materials  were 
identical  with  those  employed  in  the  previous  wort.1  The  following 
surfactant*  were  used  in  the  preparation  oi  films  for  this  study^ 
arachidic  add  (Co  CIMCHyyOOOffl,  n-octsdscyitrichlorcsilanB 
[OTS,  CHiiCHJnSiCy , -grit-  13-docoaenoic  add  (hraseiriir  add, 
(M3)C^u),  CHgfCHjhCH— CHfCHjluCOOH],  tnuu-13-doco- 
aenyltrichloroeilane  [(t-13)Cn(u)Si,  CH,(CHj)7CH— CH- 
(CHJ)uS«Cy,r  and  17-octadacsnoic  add  [(M-fiC^u),  CHy- 
CHfCHjluCOOH].* 

Film  Preparation  and  KMaO«  Treatment.  LB  monolayer 
and  built-up  multilayer  films  of  the  add  cadmium  salts  were 
prepared  as  described  before.*  Transfer  curves  were  recorded 
during  the  deposition  of  the  LB  monolayers  for  each  of  the 
specimens  prepared  for  this  study.'  Continuous  quantitative 
transfer  (transfer  ratios  in  the  range  1.00  *  0.06)*  has  bam 
achieved  in  all  reported  samples.  The  SA  monolayers  were 
prepared  by  adsorption  (at  the  ambient  tempera  turn)  Awn  so¬ 
lutions  in  bicyclohexyl  (BCH),  at  concentrations  ensuring  for¬ 
mation  of  cornplste  monolayers  of  the  respective  compounds .*  As 
before,*  LB  and  SA  films  are  denoted  by  L  and  A  (adsorbed), 
respectively. 

The  permanganate  reagent  was  a  1.2  M  solution  of  analytical 
grade  KMnO«  in  doubly  distilled  water  at  neutral  pH.  Exposure 
of  the  films  to  the  reagent  wee  usually  performed  by  hasping  the 
film-coated  ATR  pistes  in  a  horizontal  position  and  spreading 
a  thick  layer  of  the  KMnO,  solution  over  their  entire  radiation- 
sampled  area.*  After  the  desired  exposure  time  had  elapsed  (3 
min  in  this  study),  the  permanganate  solution  was  removed  by 
auction  and  the  surface  rinaed  several  times  with  pure  water,  using 
the  earns  spreading- auction  procedure.  Tbs  surface  wee  finally 
allowed  to  slowly  air-dry  under  a  glass  cover.  Treatments  with 
pure  enter,  HC3,  and  NaOH  solutions  were  performed  in  an 
analogous  miner.  This  procedure  was  adopted  in  order  to  avoid 
the  possibility  of  eventual  contamination  of  the  measured  film 
surface  by  traces  of  surface-active  material  accumulated  on  the 


,  D.  W.V.  Am.  Cham.  See.  IMS,  109,  1109. 
"  i  this  issue. 


(**)  Mesa,  R;  Sagiv,  1.  Langmuir,  foOowtee  paper  in  this 
(M  Maas,  R*  Sagfv,  J.  This  Solid  FUmattU,  133, 136. 

(39)  TVs  abbreviated  notations  wed  for  the  fOn  forming  surfactants 
areas  in  raf  2.  fee  example,  (t-UlCalulSi  indicates  the  pnesnce  of 
anaatoaatias  (a)  atposMen  19  tat  a  chain  af  23  carbon  sterns  (CJ,  with 
new  (riiiedgvretlw  af  the  deuble  bend  end  e  Maas  (81)  head  poop. 
(37)  The  Mrihasis  of  U-WCJtoM  b  dacrihsd  in  ref  34. 

(39)  The  17  intedi— nit  srlTwmsgift  eempie  nhlsteid  from  Prof. 
O.  M.  Whitesides." 
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free  surface  of  the  water  or  reagent  solution." 

IK  and  Centnct  Angle  Measurements.  IR-ATH  end  contact 
angle  measurements  were  performed  as  described  before.*  The 
test  liquids  used  in  the  contact  angle  measurements  were,  as  in 
previous  work,**"  n-haxadecane  (HD),  bkyciohexyt  (BCH),  and 
water.  The  contact  angles  ware  usually  determined  after  recording 
the  respective  IR  spectre,  m  order  to  reduce  the  danger  of  possible 
contamination  of  the  films  by  traces  of  the  test  liquids."  All 
reported  spectra  were  obtained  at  a  resolution  of  4  cm-1  end 
represent  the  net  contributions  of  the  respective  organic  films. 
TVi  ufaitid  rfnoducihafty  qf  A*  ibMrimm  m d  contact  oagte 
measurements  is  indicated  in  the  (dote  either  by  error  bare  or  by 
tha  aim  at  the  displayed  data  points. 

Planning  of  the  Experiments  and  Interpretation  of  Ex¬ 
perimental  Data.  In  order  to  explore  tha  depth  of  penetration 
of  KMnO,  into  an  organised  film  assembly,  films  from  one  to 
several  superimposed  monolayers  were  constructed,  with  the 
reactive  douhls  bond  functions  located  at  variable  positions  below 
the  outer  film  surface.  Films  made  of  saturated  amphiphilee  only 
(Cm  end  OTS)  were  also  examined,  with  the  purpose  of  checking 
the  behavior  of  monolayers  devoid  of  reactive  ethyienic  functions 
under  exposure  to  the  reagent 

In  addition  to  organized  mono-  and  multilayer  assemblies  with 
planned  architecture,  relatively  thick,  polycrystalline  films  of 
(t-13)Cm(u)  were  also  prepared  on  ZnSe  by  casting  a  measured 
volume  of  the  surfactant  solution  in  chloroform  on  the  ZnSe 
surface  and  then  letting  the  solvent  evaporate.  It  wee  hoped  that 
a  comparative  study  of  the  two  types  of  films  would  allow  us  to 
evaluate  the  mis  of  planned  mnlewilsr  ofwieari.  ^  ».wl  -tr.o-fi.~l 
homogeneity  in  the  process  of  film  penetration. 

The  main  nririatinn  products  of  olsfina  by  aqueous  KMnO,  were 
reported  to  be  diols,  ketols,  dike  tones,  and  cleavage  products  of 
tha  carbon-carbon  double  bond,  their  relative  distribution  de¬ 
pending  on  the  conditions  of  the  reaction.*'44  The  reaction  has 
bean  extensively  studied  mainly  on  da  compounds,  such  as  oleic 
acid  ((c-iDCufu)),  for  which  the  distribution  of  product*  was  found 
to  be  pH  dependent  in  bulk  aqueous  solutions,40-41  while  in  water 
emulsions  it  is  pH  independent  and  also  different  from  that  in 
homogeneous  solutions.41  No  significant  pH  dependence  was 
found  in  the  oxidation  of  tha  trana  double  bond  in  elaidic  acid 
((t-9)Cie(ii))  in  aqueous  solutions  above  pH  9,  the  main  products 
bring  the  ketoi  and  did.41  The  oxidation  of  oleic  arid  in  mono- 
layers  spread  on  diiuta  acidic  psnnanganste  solution  awe  reported 
to  lead  to  the  quick  formation  of  tha  cts-epoxy  arid,  with  sub¬ 
sequent  partial  cleavage  of  the  C— C  bond  to  shorter  water-eohible 
acid  fragments.41  It  is  alao  of  interest  to  not*  that  the  oxidation 
cf  the  braasidic  acid  (trana  iaomer)  in  Langmuir  monolayers  spread 
on  aqueous  permanganate  solutions  could  be  almost  completely 
inhibited  by  campraesing  the  mcnolaycre  to  their  solid  phase,  while 
no  such  dependence  of  the  reaction  on  compression  could  be  found 
for  tha  respective  ris  iaomer  (erucic  arid).44  This  effect  was 
interpreted  a*  evidence  that  tha  close  packing  of  tha  chains 
achieved  in  the  monolayer  of  the  trana  ieosner  efficiently  prevents 
contact  of  the  reactive  ethyienic  function  with  the  liquid  per¬ 
manganate  in  tha  underlying  subphaee.44 

On  the  basis  of  tha  above  available  data  on  the  KMnO,  oxi¬ 
dation  of  olefins  it  could  be  anticipated  that  IR  spectroscopy 
should  furnish  evidence  on  tha  oxidation  of  monolayer  double 
hood  functions  mainly  through  the  disappearance  of  the  ethyienic 


(39)  Sosas  of  the  (bet  investigated  specimens,  exposed  to  the  KMnO, 
sohUiaa  by  bamecafcn  in  the  butt  Mqrid  followed  by  withdrawal  through 
the  liquid-sir  interface,  wars  found  to  display  higher  CH,  tnd  CH,  peak 
absorbances  after  exposure  to  the  reagent.  This  enhancement  at  the 
methylene  and  methyl  bend  Intensities  wimsi,  most  likely,  from  treom 
of  organic  materiel  picked  up  from  the  surface  at  the  liquid.^  Possible 

tsriel  removed  from  the  mqwUshed  edgmoT  UwATO^pleUftheee  «£w 
an  not  sampled  by  thsIR  beam1)  or  traces  of  bsxadacans  or  hscydohexyl 
retained  on  the  film  surface  during  the  coo  tact  angle  measurements” 

(401  Wotts,  8.;  lagold.  C.  T.  J.  Am.  Cham.  See.  1M1, 103,  939  and 
nfafiacw  cited  thmin. 

(41)  Cotaman,  1.  Et  Mooted.  Ca  Sworn.  D.  J.  Am.  Cham.  So e.  1994. 
39,8343. 

(43)  Oorti,  N.;  Avni,  K.  Colloids  Surf.  1193, 4,  33. 

(43)  lwshseki,  h U  Toyoki,  K.;  Weteasho,  T.;  Mursmetsu,  M  J.  Col. 
laid  Intarfaca  Set.  1M1,  39, 31  end  references  cited  thmotn. 

(44)  Menden.  J4  Mderi,  UU.  Cham.  Sot.  IMS.  1161 
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Figure  1.  Humph  of  spectral  changes  observed  in  tbs  ATS 
infrared  spectrum  at  a  Cm  monolayer  adsorbed  an  ZaSa  upon 
exposure  to  aqueoua  KOH  and  water  (a)  before  exposure  to  KOH; 

(b)  altar  a  3- min  aspoaura  to  tba  KOH  aolution  (1%  in  watar); 

(c)  after  rinsing  tbs  KOH-trsatad  flhn  with  pun  watar.  Note  tbs 
appearance  of  a  potassium  carboxyUte  peak  at  1678  cm-1  after 
tha  KOH  tTsatwisnt  (curve  b)  and  its  disappearance,  accompanied 
by  a  reduction  in  tba  mtenaftise  at  all  other  bands,  following  tba 
HjO  rinaa  (curve  e).  Tba  origin  of  tba  1746-cm'1  psak  in  cum 
b  a  not  clear.  It  may  represent  a  maaauramant  artifact  due  to 
diatortiona  of  the  baas  tins  in  tins  apeetzal  region*  (compare  curvaa 
a,  b,  c). 


bending  band  at  ca.  964  cm'1  (914  cm'1  in  (f-lTK^iu))**  and  tba 
eventual  appearance  of  carbocyhc  functions  in  As  1800-1700-00-* 
region.  Changes  in  tha  intensity  and  characteristic  appaaranca 
of  a  number  of  other  IR-active  bands,  associated  with  tba  pa¬ 
raffinic  chains  and  with  tha  carboxyiata  (COO")  Auction  (in  tba 
add  salt  films),  ahouid  also  be  of  haip  in  evaluating  tba  chtsnical 
and  structural  transformations  effected  by  tba  reagent  on  tha 
tmtid  fihp* 

Tba  uaafoinsaa  of  wettability  ohsai  rations  in  the  context  of 
tha  present  study  follows  Arum  tha  high  sensitivity  of  contact 
anglm  to  structural  and  chemical  transformations  affecting  the 
packing  density  and  orientation  of  tha  film- forming  moia- 
cules,t**MMM*  as  wall  aa  tha  polarity  of  tba  functions  exposed 
on  tbs  outer  fihasudboe,*'*-**®"  9uch  transformations,  induced 
through  the  action  of  tha  KMn04  reagent,  may  be  expected  to 
result  in  more  wettahis  surfaces,  ia^,  knew  contact  angles  for  both 
organic  liquids  and  water.  Aa  noted  above,  attempts  to  aaaaaa 
tbs  penetrability  of  an  organhsd  film  aasemhiy  without  providing 
adequate  evidence  for  its  structural  stability  during  the  expert- 
flMBti  ‘““H  oooaidmtioa  my  Ind  to  tnonoom  cooduriom. 
Wettebflity  obaarvationa  are  particulariy  important  in  this  respect, 
providing  a  sensitive  complementary  analytical  tool  in  the  in- 
tarprstarton  of  the  IR  date. 


Analysis  of  Wettability  Data.  Table  I  summarizes 
all  relevant  wettabffity  data  collected  during  this  study, 
Inducting  ooctact  angles  measured  on  nocranctiee  films 
(Cm,  OT8)  and  on  a  number  of  reactive  multilayer  films 


Sagfe,  1-  J.  Pkyt.  Chun.  ltSt,  90. 3064, 
•,  R.  R;  McCarthy,  T.  h  Deteeh, 
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tm.aa.uytg. 

(4g)Cnhaa,94l 

(47)  Hnhan  fartey,  8. 1  . 

J4  WMtaaMsa,  Q.  M.  Langmuir  IN*.  i,  IK 

(48)  MamiL  Nstsar,  L;  Owe,  Bash,  J.  Pi _ 

Tfaa  Tmteilinlaal  ‘iraltiallnni  ofPUomktUmU  Tfflajni.  Tthi  mini 
and  Verities*;  Tsaar^Caaary  Man*,  hm  44, 1999;  Plamam  New 
Yeah,  la  | 


Figure  2.  IR  ahaorhanos  and  contact  anglse  of  LB  film  assemblies 
containing  terminal  double  bond  functions  (on  ZnSe),  before  and 
after  a  3-min  exposure  to  the  permanganate  solution:  1,  (t- 
17)Cia(u)  monolayer;  2,  (t-17)Cu(u)  4-  (t-13)Cn(u)  mixed  mono¬ 
layer  (aaa  also  Figure  4);  3,  (t-17)Cu(u)  4-  C»  mind  monolayer, 

4,  (t-13)CB(u)/(t-17)Cia(u)/Cxi/ZnSe  trilayer  (see  also  Figure  4); 

5,  Cs„/(W(t-17)Cu(u)/ZnSe  trilayer  (Figure  3).  Lower  part: 
-CH*-,  -Ch*  OK),  ana  -CO,'  repweent  ATR  peak  absorbances 
at  ca.  2919, 2966, 910,  and  1640  cm'1,  respectively  (see  Figure  3). 
a,  initial  absorbance;  ■,  absorbance  after  exposure  to  KMn04. 
Middle  part  bn  is  tha  fraction  of  reacted  terminal  douhie  bonds, 
determined  from  tha  decrease  in  the  absorbance  of  the  910-cnr' 
peak,  relative  to  its  initial  value.  □,  unconected;  M,  normalized 
with  respect  to  the  observed  change  in  the  absorbance  of  the 
respective  2919-cm'1  (CHJ  peak  after  exposure  to  KMnO^  Upper 
part:  Advancing  contact  angles.  Q,  initial  values;  *  after  exposure 
to  KJdnO* 


Figure  3.  ATR  infrared  spectra  of  the  L,CVC*,/(t-17)Cir 
(u)/Zn8e  trihyer  (Figure  2,  column  5):  ( — )  before  exposure  to 
the  KMn04  reagent;  (---)  after  exposure  to  the  reagent  far  3  min. 


for  which  IR  spectra  wen  not  recorded.  Contact  angles 
obtained  for  aoaae  repreaentetfve  reactive  films  are  also 
plotted  in  Figures  2  and  4  along  with  tba  respective  IR 
data. 
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FlpM  4.  IR  absorbance  and  contact  angles  of  LB  and  SA  films  containing  the  trans-  13-docosenyl  moiety,  before  and  after  a  3- min 
exposure  to  pun  water  and/or  the  KMn04  solution:  1,  L,[(t-17)Cjt(u)  +  (t-13)Ca(u)]/ZnSe  (see  also  Figure  2);  2a  and  2b,  identically 
prepared  eemnlee  of  L,(t-13)CM<u)/ZiiSe;  3,  L,C*)/C«/(f-13)Ca(u)/ZnSe  (Figure  6);  4,  L,(t-13)Ca(u)/(t-13)Ca(u)/OTS/ZnSe  (Figure 
7);  6,  L,(t-13)CB(u)/(M7)Cu(u)/C«/Zn8e  (eee  also  Figure  2);  6a  and  6b,  identically  prepared  samples  of  L,(M3)<^(u)/C?D/C50/Ge 
(Figure  6;  6b  sms  exposed  to  HjO  and  KMnO,  by  immersion  in  the  bulk  liquid,  followed  by  withdrawal  through  the  liquid-air  interface3* 
(see  Experimental  Section  for  details));  7,  L,C]^Ca/{M3)Ctf(u)/Ge;  8a  and  8b,  identically  prepared  samples  of  A,(r-13)Cjj(u)/ZnSe. 
The  IR  spectrum  of  8b  displays  *unusuaT  features,  indicative  of  long-range  crystalline  orden54  9,  A,(£-13)Cn(u)/Si/ZnSe.  Lower  part: 
-CHf-,  -CHs,  O-C,  and  -CO,"  represent  ATR  peak  absorbances  at  ca.  2919, 2967, 964,  and  1643  cm-1,  respectively  (see  Figures  5-7). 
O,  initial  absorbance;  ■,  abaorbance  after  exposure  to  H^>,  ■  absorbance  after  exposure  to  KMn04.  Middle  part:  An  is  the  fraction 
of  reacted  internal  double  bonds,  determined  from  the  decrease  in  the  absorbance  of  the  964-cnT*  peak,  □.relative  to  die  initial  absorbance, 
uncorrected;  ■,  relative  to  the  initial  absorbance,  normalized  with  respect  to  the  observed  change  in  the  abaorbance  of  the  respective 
2919-cm'1  CH,  peak  after  exposure  to  KMnO*  ■,  relative  to  the  absorbance  of  the  H,0- tree  ted  film,  uncorrected;  ■,  relative  to  the 
abaorbance  of  the  H<0- treated  film,  normalized  with  respect  to  the  observed  change  in  the  absorbance  of  the  respective  CH,  peak 
aftar  exposure  to  KMnO,.  Small  negative  An  values  (within  ca.  -0.06),  indicating  an  increase  in  the  absorbance  of  the  964-cnT1  peak 
following  the  KMn04  treatment,  may  arias  from  the  statistical  spreading  of  the  IR  measurements.  Upper  part  Advancing  contact 
angles.  □,  initial  values;  □,  after  exposure  to  HyO;  a,  after  exposure  to  KMn04. 


The  contact  anglaa  measured  prior  to  exposure  of  the 
films  to  HgO  or  to  the  KMn04  solution  are  in  the  range 
characteristic  of  highly  oriented,  compact  monolayer 
structures  of  the  respective  compounds.  A  combined 

analysis  of  the  contact  anglaa  and  the  respective  IR  data 
collected  altar  3- min  exposure  of  the  films  to  the  KMn04 
solution  (Figurea  2  and  4;  aaa  discussion  below)  reveals 
that,  in  general,  one  cannot  find  a  one-to-one  corre¬ 
spondence  between  the  extent  of  oxidation  of  intralayer- 
loceted  double  hwab  gad  the  observed  rhingvt  in  the 
wetting  properties  of  the  respective  films. 

The  wetting  properties  are  found  to  be  strongly  de¬ 
pendent  on  the  mode  of  fihn-to-surface  binding,  the 
thicknsts  of  ths  film  (in  multilayer  structures),  and  the 
nature  of  the  solid  substrata.  Thus,  except  for  (i-TCa(u) 
monolayers  and  mixed  monolayers  containing  this  com¬ 
pound  (figure  2,  columns  1-3;  Table  I,  entries  1-3),  in 
which  the  ahnoat  qunotitative  addatton  of  the innprotactad 
terminal  double  bonds  results  in  complete  spotting  by  each 
of  the  three  test  liquids,  the  faty  acid  salt  monolayers  on 
Ms  are  affected  by  the  3-min  exposure  to  the  KMnQ4 
selutlon  in  e  manner  coining  only  a  modirate  drop  in  their 
HD  and  BCH  contact  axgke,  while  being  completely 
wetted  by  HgO  (Table  I,  entries  18-19;  Figure  4).  The 


affect  of  pure  water  on  these  monolayers  is  similar,  al¬ 
though  leas  drastic  than  that  of  the  KMn04  reagent  CM 
(Table  I,  entry  26)  and  (t-13)Ctt(u)  monolayers  display 
similar  wetting  properties  despite  the  absence  of  reactive 
double  bonds  in  the  former  films. 

No  significant  effect  of  water  or  of  the  KMn04  solution 
on  the  contact  angles  of  complete  silane  monolayers  ad¬ 
sorbed  cm  ZnSe  (OTS  as  well  as  (t-13)Ca(u)Si)  could  be 
observed  (Table  I,  entries  27  and  20,  respectively;  Figure 
4).  As  shown  in  the  following  paper  in  this  issue,*  in¬ 
complete  OTS/Si  monolayers  are  insensitive  to  the  action 
of  the  KMn04  reagent  too,  while  the  significant  drop  in 
the  contact  angles  of  an  incomplete  (M3)Cn(u)Si/&iSe 
monolayer  upon  exposure  to  aqueous  KMn04  may  be  as¬ 
cribed  to  the  oxidation  of  the  double  bonds  in  this  film. 

The  wettability  of  multilayer  add  salt  films  is  dearly 
dependent  on  the  number  of  layers  in  ths  film  end  the 
nature  of  the  film-forming  surfactants.  Thus,  LB  films  of 
C*  «>  Ge  thicker  then  a  trilayer  retain  both  their  oleo- 
phobidty  and  hydrophobidty  upon  exposure  to  the 
KMn04  solution  (Table  I,  entries  23, 24),  wink  (t-lSK^u) 
films  display  similar  behavior  only  at  thickness ses  above 
seven  layers  (Table  L  entries  8-10).  Mixed  multilayer  films 
containing,  besides  C^,  (t-13)Ca(u)  layers  are  more 
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TaM*  L  IUb  Wettability  Wot  ik  alia tt  a  3-min  Kxpoaure  to  Pat*  Hfi  uj  Agmu  KMaO, 


equilibrium  advancing  contact  angle,*  deg 


o& 

film 

HD 

BCH 

H|0 

initial* 

HjO* 

KMoO,k 

initial* 

HjO* 

KMnO«* 

initial* 

HjO* 

KMnO< 

1 

L,(t-17)C]j(u)/ZnSe 

44 

0 

49 

0 

98 

0 

2 

Ud-VDCufa)  +  cy/Zns# 

40 

0 

44 

0 

88 

0 

3 

L((t-17)Cu(u)  +  <t-13)C«(u)]/ZnSe 

38 

0 

42 

0 

86 

0 

4 

UM3)Ca<u>/(M7)Clt<u)/CM/ZnSe 

44 

40 

48 

41 

107 

O' 

3 

WVCw/<M7)Cu(u)/ZnS* 

46 

43 

81 

60 

107 

O' 

6 

Ut-13)Ca(u)/Ge 

46 

0 

52 

0 

108 

0* 

7 

L3t(l-lS)Cjt(u)l/Ge 

51 

0 

103 

0* 

8 

LSKt-lSJCaCuM/Oe 

61 

0 

105 

0* 

9 

U7I(M3)C^u)J/0. 

51 

48 

104 

100 

10 

U9((t-13)Ca(u)l/Oe 

50 

49 

103 

102 

11 

L,(M3)Ca(u)/(WCWGe 

46 

37 

0 

49 

41 

0 

104 

0 

0* 

12 

UMIICbIuI/CWCWG* 

44 

0 

48 

0 

103 

0* 

13 

UWC»/<‘-13)C*<u)/Ge 

48 

0 

102 

0* 

14 

L(VCW<‘-13)C»(tt)/(WCWGe 

49 

0 

103 

0* 

IS 

LCWCWCw/CWU-lSK^ul/Oe 

48 

0 

104 

0* 

16 

L,(t-13)Cs<u)/Zi>Se 

44 

39 

36 

48 

45 

42 

106 

O' 

0 

17 

L,(t-13)Ca<u)/Zii8« 

46 

37 

61 

45 

103 

0 

18 

A,(t-13KVu)/ZnSe 

45 

40 

40 

51 

48 

47 

108 

O' 

0 

19 

A,(t-13)Cn(u)*/Zn8«* 

43 

40 

40 

50 

47 

46 

103 

O' 

0 

20 

A,(t-13)Ca(u)Si/ZiiSa 

46 

45 

52 

51 

112 

112 

21 

L,CWCW(‘-13)Cn<u)/ZnS« 

43 

39 

49 

43 

104 

O' 

22 

L,(f-13)Ca(u)/(M3)Cn(u)/OTS/Zii8e 

44 

41 

60 

48 

107 

104 

23 

L,C*/G* 

44 

0 

51 

0 

106 

0* 

24 

U3(CJ/G* 

52 

51 

106 

104 

26 

UCa/ZnSe 

46 

46 

60 

49 

105 

0 

26 

A.0T8/G* 

46 

46 

0 

52 

52 

0 

112 

111 

O' 

27 

A.OTS/ZaSv 

46 

46 

44 

49 

49 

49 

112 

111 

111 

28 

A.0TS/S1 

45 

46 

45 

51 

52 

52 

112 

111 

112 

29 

polycryataUine  U-lSK^fa)  on  ZnSe 

(ca.  IS  moooiayera- thick  film) 

immediately  after  placing  the  tast 

46 

46 

40 

48 

49 

46 

103 

103 

98 

drop  on  the  aurfoca 

3  min  later 

43 

41 

80 

S  min  later  (equilibrium) 

40 

36 

78 

‘The  precision  of  tho  contact  angle  maaauiamanta  ia  of  tha  order  of  *1*  for  HD  and  BCH  and  ±2*  for  H,0.*  *  Angles  determined  before 
(initial)  and  after  a  3- min  vipourv  to  HfO  and  than  to  tha  KMnO,  aoiution.  'Partially  dry  after  removal  of  tha  bulk  liquid  from  the  rurface. 
The  water  teat  drape  ipraad  an  the  dry  ae  on  tha  initially  wetted  portiona  of  tha  aurfoca.  4  Yellowish  precipitate  left  on  the  aurface  upon 
treatment  with  KMnO*  Tha  pradpiteta  may  be  removed  by  gentle  wiping  with  cotton  wool  without  removing  the  underlying  organic  film. 
No  changaa  are  obaarved  in  tha  HD  and  BCH  contact  anglea,  while  the  HjO  angle  grows  to  ca.  60*  after  removal  of  the  precipitate. 
'Specimen  listed  in  column  8b  of  Figure  4. 


wettable  than  pun  Cm  films  (Table  I,  entries  11-15  and 
24). 

As  may  be  sent  in  Figure  4  and  Table  I  (entries  6,  7, 
11-13, 10-19,  21,  23,  25),  the  wettability  of  (t-13)Cj,(u) 
trilayer  films  and  mixed  trilayers  compoeed  of  Ca  and 
(t-13)Cm(u)  layers  is  similar  to  that  of  the  respective 
monolayers;  Le^  such  films  loose  them  bydrophobicity  upon 
exposure  to  the  KMn04  solution.  In  contradistinction  to 
the  pure  acid-salt  trilayers,  a  mixed  trilayer  comprised  of 
an  LB  bilayer  of  (M3)Ctj(u)  deposited  on  top  of  a  self- 
assembled  OTS/ZnSe  monolayer  maintains  its  high  hy- 
dropbobadty  following  treatment  with  the  KMnO<  solution 
(Table  L  entry  22;  Figure  4,  column  4).  This  behavior  is 
obviously  associated  with  the  presence  of  the  OT8  mon¬ 
olayer  underneath  the  acid  salt  bilayer  in  this  trilayer  film. 
Coverage  of  the  solid  substrate  fay  a  covalently  bonded 
silane  monolayer  hae  invariably  been  found  to  render  it 
nonwettabie  %  water.  Tha  aurfhea  hydrophobia ty  is 
preserved  even  in  the  presence  of  incomplete  tQane  mon¬ 
olayer*  (including  (t-13)CB(u)Si)  with  appreciably  lower 
packing  deaeatia*  than  in  closely  packed  structure*.49 

On  the  baeis  of  all  thee#  observation*  we  may  conclude 
that,  in  the  absence  of  extensive  oxidative  attack  of  the 
film,  two  condition*  must  be  fulfilled  in  order  to  bring 


(49)  A  detailed  dtecumien  of  the  behavior  of  incomplete  emaolayen 
h  ffvaa  ia  raf  34. 


about  wetting  by  water  or  by  the  permanganate  solution 
of  a  polar  solid  coated  with  an  oriented  film  assembly:  (a) 
Water  must  penetrate  the  film  and  reach  the  underlying 
solid  surface,  (b)  The  mobility  of  the  film-forming  mole¬ 
cules  in  the  first  layer  adjacent  to  the  solid  surface  must 
not  be  hindered  by  covalent  intermolecular  coupling 
and/or  covalent  anchoring  to  the  underlying  surface. 

Both  conditions  are  fulfilled  in  monolayers  or  thin- 
enough  multilayers  of  ionically  bonded  fatty  acid  salts. 
Water  diffusion  down  to  the  underlying  solid  substrate  is 
efficiently  blocked  by  dense  Cu  films  thicker  than  a  tri¬ 
layer,  or  (t-13)Cj)(u)  films  thicker  than  seven  layers,**-*1 
which  explains  the  stable  hydrophobic  character  of  such 
films.  The  hydrophobidty  of  silane  films,  particularly  that 
of  the  incomplete  monolayers,  is  obviously  a  consequence 
of  tbs  surface  immobilisation  of  the  silane  amphiphiles, 
effected  through  their  intralayer  and  layer-surface  covalent 

binding.  liS.IO.Sf.4S 

Films  on  Ge  (Table  I,  entries  6-15, 23, 24, 26;  Figure  4) 
are  seen  to  be,  in  general,  more  wettable  than  their  coun¬ 
terparts  cm  ZnS*  (Table  I,  entries  16-21, 25,  27).*  This 
points  to  weaker  anchoring  to  the  Ge  surface  of  both  the 
fatty  acid  Cd**  salts  and  silane  monolayers.  The  drastic 
drop  in  the  HD  and  BCH  contact  angles,  besides  those  of 
HgO,  upon  exposure  of  Ge-supporied  films  to  the  KMn04 
solution,  and  the  simultaneous  appearance  of  a  removable 
yellowish  precipitate  on  tha  exposed  film  surface  (tee 


IV 


f“vV  .Ui-' 
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Fifun  5.  ATR  infrared  spectra  of  the  L.it-lSJCutuJ/Cjo/Cjj/Ge  trilayer  listed  is  Figure  4,  column  6b:  ( — )  before  exposure  to  the 
KMn04  reagent;  (---)  after  exposure  to  the  reagent  for  3  min. 


Ge-supported  films  in  Table  I,  except  entries  9, 10, 24)  an 
indicative  of  oxidative  attack  of  the  Ge  substrate,  accom¬ 
panied  by  migration  of  the  reaction  products  across  the 
film  onto  its  outer  surface. 

Taken  together,  the  present  findings,  and  particularly 
the  striking  differences  between  ionic  and  covalently 
bonded  monolayers,  suggest  a  mechanism  of  surface  wet¬ 
ting  involving  lateral  diffusion  of  the  wetting  liquid  (water) 
in  the  film-substrate  interfacial  region.  The  process  is, 
apparently,  facilitated  by  the  surface  mobility  of  the  film 
molecules  adjacent  to  the  substrate,  under  the  action  of 
the  wetting  liquid.  Wetting  of  a  film-coated  surface  may 
thus  be  expected  to  affect  the  molecular  architecture  of 
the  film.  A  critical  evaluation  of  the  extent  of  structural 
damage  produced  to  a  wettable  film  by  its  exposure  to  a 
wetting  liquid  is,  therefore,  required. 

From  the  moderate  drop  in  the  HD  and  BCH  contact 
angles  of  the  acid  films  on  ZnSe  following  3  min  of  expo¬ 
sure  to  HjO  and/or  to  the  KMn04  solution  (Table  I,  en¬ 
tries  16-19,  21,  22,  25;  Figure  4)  we  may  infer  that,  al¬ 
though  their  structural  integrity  must  have  been  affected 
to  a  certain  degree,  the  initial  packing  and  orientation  of 
the  film  molecules  cm  the  surface  are  largely  preserved  in 
these  films  This  conchakm  is  corroborated  by  the  analysis 
of  the  ATR  (see  below)  and  polarized  ATR54  spectra  of 
some  of  the  acid  salt  films  as  well  as  by  the  reflection- 
abeorption  (RA)  spectra  erf  a  L,(t-17)Cu(u)/Al  monolayer 
recorded  prior  and  after  exposure  to  water  and  to  the 
KMn04  solution.'  Finally,  spectral  features  indicative  of 
long-range  crystalline  order,  detected  in  the  spectra  of  a 
number  of  monolayer  and  multilayer  acid  films  (see  below), 
do  not  vanish  upon  their  exposure  (for  3  min)  to  the 
KMn04  solution.  This  clearly  indicates  that  the  initial 
molecular  organization  is  preserved  in  these  films,  at  least 
within  film  domains  containing  a  large  number  of  mole¬ 
cules. 

A  last  important  point  to  be  emphasized  is  that,  al¬ 
though  wetting  of  a  film-coated  solid  substrate  by  water 
(or  by  the  KMnO«  solution)  seems  to  require  both  per¬ 
meation  through  the  film  and  lateral  diffusiixi  of  the  liquid 
in  the  film-substrate  interfacial  region,  wetting  does  not 
effect  detachment  of  the  organic  film  from  the  solid  sur¬ 
face.  This  was  demonstrated  by  the  failure  of  repeated 
attempts  to  remove  supposedly  floating  film  material  by 
suction  of  the  thick  water  layer  left  on  the  surface  of  wetted 


specimens.  Partial  removal  of  film  material  from  CM 
monolayers  adsorbed  on  ZnSe  could  be  achieved  by  this 
procedure  only  immediately  following  their  treatment  with 
aqueous  HC1  (5%)  or  KOH  (1%)  solutions.  As  demon¬ 
strated  by  the  ATR  spectra  of  HC1-  or  KOH-treated 
monolayers  (Figure  1),  under  these  circumstances,  the 
removable  film  fraction  consists  of  C*  molecules  converted 
from  the  initial  zinc  salt  (COO"  peak  at  ca.  1540  cm"1)  to 
the  free  acid  (COOH  peak  at  1700-1740  cm"1)  or  the  po¬ 
tassium  salt  (COO "  peak  at  ca.  1576  cm"1),  respectively. 
HC1-  or  KOH-treated  monolayers  were  also  found  to  loose 
completely  their  oleophobidty  (zero  contact  angles  for  HD 
and  BCH),  which  suggests  a  major  deterioration  of  their 
initial  organization. 

The  thick  films  prepared  by  casting  a  volume  of  chlo¬ 
roform  solution  of  (t-13)Ca(u)  on  the  surface  of  ZnSe  are 
polycrystailine  conglomerates,  as  may  be  deduced  from 
their  IR  spectra  (see  below)  and  SEM  micrographs. 
Contact  angles  measured  on  such  films  immediately  after 
placing  the  teat  drops  on  their  surface  are  close  to  those 
characteristic  of  ordered  acid  monolayers.  This  suggests 
that  the  crystallites  have  a  layered  structure  and  are  or¬ 
iented  on  tire  ZnSe  surface  in  such  a  manner  that  their 
outer  layer  mimics  the  appearance  of  an  oriented  mono- 
layer  of  (t-13)Cjj(u)  molecules.  Spreading  of  the  test  li¬ 
quids  in  interstices  between  the  crystallites  leads  to  a  rapid 
drop  in  the  contact  angles  with  time,  thus  revealing  the 
heterogeneous  nature  of  these  films  (Table  I,  entry  29). 

Analysis  of  the  IR  Data.  Oxidation  of  monolayer 
double  bonds  under  the  present  conditions  does  not  lead 
to  the  formation  of  significant  amounts  of  carbonyiic 
functions  (see  Figures  5-7).  As  will  be  shown  in  the 
following  paper  in  this  issue,  even  after  much  longer  ex¬ 
posure  times  (and  quantitative  oxidation  of  the  ethylenic 
functions)  there  is  no  evidence  for  cleavage  of  the  C—C 
bond  in  the  trnne- 13-docoeenyl  chain.  The  fraction  of 
reacted  double  bonds  (An  in  Figures  2  and  4)  is  thus  de¬ 
termined  from  the  relative  peak  intensity  of  the  ethylenic 
bending  band  at  964  cm'1,  solely. 

The  reproducibility  of  the  present  ATR  measurements 
and  the  observed  sample- to- sample  spreading  of  data1” 
allow  An  to  be  determined  with  an  estimated  confidence 
not  better  than  ca.  5-10%  of  a  complete  monolayer.  This 
figure  may  vary,  depending  on  the  presence  of  overlapping 
bands,  the  noise  level  of  the  measurement  (see  Figures  3 
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Fl|lin  4.  ATE  infrared  spectra  of  the  L.Ca/C]0/(t-13)Clt(u)/ZiiSe  trilayer  lilted  in  Figure  4,  column  3:  (— )  before  end  (-  -  -)  after 
a  3- min  expaeura  to  the  KMnO<  solution. 

and  5-7),  and  the  peak  intensity  of  the  meaaured  band*0 
(aee  Figures  2  and  4).  -c 

Another  source  of  error  in  the  quantitative  evaluation 
of  the  ATR  data  is  related  to  the  limited  structural  sta¬ 
bility  of  part  of  the  investigated  films  and  to  the  axpectad  0.18- 

modification  of  their  optical  properties  upon  exposure  to 
KMnO*  As  shown  previously,1  a  direct  correlation  of  the 
measured  IR-ATR  band  intensities  with  the  surface  con¬ 
centrations  of  the  respective  functional  groups  is  strictly  Q09. 

valid  only  far  films  having  similar  indices  of  refraction  and 
molecular  orientation.  While  these  conditions  are  well 
satined  fir  the  presently  investigated  films  in  their  initial 
state,  deviations  from  the  initial  molecular  orientation  J 

and/or  variations  in  the  index  of  refraction  associated  with  0 

the  oxidation  of  the  double  bonds  may  affect  to  some  - 

extort  the  ATR  band  intensitiaa  of  KMn04-treated  films, 
independent  of  real  changes  in  the  surface  concentrations  £  0,8  ' 

of  the  functional  groups  responsible  for  the  respective  I 
bands.  For  example,  complete  randomisation  of  the  pa-  | 
raffinic  chains  is  expected  to  result  in  lower  absorbance  ° 
intensities  for  the  CHj  stretch  modes  by  ca.  30%.*  In  «  oo9  - 
addition,  broadening  of  the  bands  has  also  been  observed 
to  occur  to  a  certain  extent  in  part  of  the  investigated 
specimens  following  the  HjO  and  KMnQ4  treatments.  In  r--' 

order  to  account  for  possible  such  variations  far  the  IR  band  _ 

intensities  as  weB  as  for  eventual  losses  (desorption)  of  film  A 

material  upon  treatment  of  the  films  with  H*0  and 
KMnO*  we  have  also  calculated  corrected  An  values, 
normalised  with  respect  to  the  observed  variations  in  the 
peak  intenaity  of  the  respective  2919-cm'1  (CHj)  bands  Q06  - 

(Figures  2  and  4). 

As  can  be  seen  from  Figures  2  and  4,  there  may  be  quite 
large  differences  between  corrected  and  uncorrected  An  0  2973  2825 

values  in  films  undergoing  partial  oxidaticm  of  their  double  wavenumbers 

bonds.  Therefore,  except  to r  An  doss  to  0  or  X  (no  change,  Figure  7.  ATR  infared  spectre  of  the  U*-13)Ca<u)/(M3)Cjr 

or  complete  disappearance  of  the  measured  C— C  band,  (u)/OTS/ZnSe  trilayer  listed  In  Figure  4,  column  4:  A,  spectra 

respectively),  which  can  be  determined  with  an  accuracy  of  tha  OTS  first  layer,  B,  spectra  of  the  trilayer,  C.  difference 

of  am  enter  of  5%  of  a  comnlste  »  the  other  An  spectra,  B  -  A,  showing  the  net  contribution  of  the  (t-l3)Cn(u) 

values  listed  in  Flguree^md  4  shmddbe  regarded  as  bilayer.  Curvs  notations  are  as  in  Figure  6. 


(Ml  Assists, 
observed  Is  Sat 


a  flam  dhghptsg  tanpeasgs  ssysssBSa  ssdsr*  (Ffgme  4, 

Sas  ^4 

HH  el  PH  CZB  1BTT  OHn  vTOBIfiWBy 

tense  ads*  tfesesaas  harness  the  mectmef  the  lamesti** 
•ootd  be  idsaMBsd  dlgsss  A  oohmas  6  sad  7). 


2975  2825  1575  1425  1225 

WAVENUMBERS 

Figure  7.  ATR  infared  spectra  of  tha  L.lt-lSlC^ul/U-lSlCif- 
(u)/OTS/ZnSa  trilayer  listed  in  Figure  4,  column  4:  A,  spectra 
of  the  OTS  first  layer,  B,  spectra  of  the  trilayer,  C,  difference 
spectra,  B  -  A,  showing  the  net  contribution  of  the  (t-l3)Cn(u) 
bilayer.  Curve  notations  are  as  in  Figure  6. 

aemiquantitative,  enabling  certain  general  trends  to  be 
sstsbl  iehad  on  a  comparative  beds,  within  the  various 
studtsd  systems. 

Oxidation  of  the  Terminal  Double  Bead  in  Film 
Assemblies  Containing  (t-17)Cls(u).  Figure  2  summa¬ 
rises  IR  and  contact  angle  date  obtained  for  a  number  of 
LB  film  assemblies  containing  terminal  double  bond 
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function*,  dnponitod  on  ZnSe. 

Tho  oxidation  at  unprotected  double  bonds,  in  •  L,(t- 
IDCu/M/ZaSo  monolayer,  ia  soon  to  be  almost  quanti¬ 
tative  (An  •  (X83)  within  e  3- min  exposure  to  the  KMnO* 
i  soft  (column  1  in  Figure  2).  According  to  tbs  intensities 
of  the  CH*  and  COO"  bonds,  the  monolayer  does  not  ap¬ 
pear  to  bo  deplstod  upon  immersion  in  the  KMn04  solu¬ 
tion.  In  fact,  we  observe  a  significant  increase  in  the  in¬ 
tensity  of  the  CHj  bends  as  well  as  the  appearance  of  a 
CH,  bend,  which  may  originate  in  traces  of  HD  retained 
on  the  surface  of  the  film  during  the  contact  angle  mea¬ 
surements.91 

The  second  and  third  columns  in  Figure  2  show  results 
obtained  for  mixed  monolayers  of  (t-17)Cu(u)  with  (t- 
13)Cb(u)  and  C*.  respectively.  The  molecular  peeking  in 
these  monolayers  is  less  tight  than  that  attained  in  mon¬ 
olayers  of  each  of  tho  respective  pure  acids,  presumably 
due  to  aterical  hindrance  introduced  by  the  terminal 
double  bond  of  the  Cu  acid  in  the  packing  of  the  longer 
Cjj  and  C®  odds.  This  is  indicated  by  the  lower  contact 
angles  measured  on  these  two  monolayer*  (Figure  2;  Table 

1,  entries  2, 3)  and  by  their  more  expanded  compression 
isotherms  on  the  water  subphase  (not  shown). 

The  oxidation  of  the  terminal  double  bonds  in  the 
monolayer  listed  in  column  2  is  seen  to  be  as  efficient  as 
in  a  pure  (f-17)Clt(u)  monolayer,  while  some  protection 
seems  to  be  provided  to  the  terminal  double  bond  in  the 
mixed  monolayer  with  Cm  (column  3,  Figure  2).M  As 
indicated  by  the  intensities  of  the  CH*  CH*  and  COO" 
bands,  both  monolayers  in  columns  2  and  3  suffer  only 
minor  structural  modifications  and/or  desorption  of  film 
material  upon  immersion  in  the  KMn04  solution.  A  dear 
broadening  of  the  COO"  bend  in  the  monolayer  in  column 

2,  accompanied  by  a  shift  of  its  peak  from  1539  to  1647 
cm'1  and  the  appearance  of  a  shoulder  around  1568  cm"1, 
following  the  KMn04  treatment,  may  be  due  to  partial 
exchange  of  the  zinc  iono  foe  potassium,  with  the  formation 
ot  potassium  carboxylate  species. 

Remarkable  protection  of  the  terminal  double  bonds  is 
achieved  in  the  trilayer  structures  shown  in  columns  4  and 
5  of  Figure  2.  The  arrangement  in  column  5  appears  to 
be  somewhat  more  efficient  than  that  in  column  4."  The 
structure  of  the  trilayer  in  column  5  is  seen  to  be  partic¬ 
ularly  well  preserved  following  exposure  to  the  KMn04 
reagent  This  is  evident  from  the  very  small  drop  in  the 
HD  and  BCH  contact  angles  (Figure  2)  and  the  invariance 
of  all  spectral  features  in  its  ATR  spectrum  (Figure  3), 
including  the  two  bending  vibrations  of  the  terminal 
double  bond,  at  910  and  990  cm"1,  and  the  progression  of 
weak  bends  in  the  1100-1300-cm'1  region.94 

From  the  data  in  Figure  2  we  may  conclude  that  burying 


aeatwaSSsla)  Um  contact  anflee  on  this  (Urn  were  meeeurad 
prior  to  the  IR  wen  trere  inti 

(82)  b  ihoaid  bs  noted  that  became  of  the  *rj  low  ebeorbwacee  of  the 
C—C  bend  te  those  weeed  mouoleyen,  the  uncertainty  of  the  calculated 
On  ratine  mop  he  as  hl*h  as  4M0%  of  the  dieplayed  flfures. 

(8X)  The  toerthi  ■oanlopw  to  adjeooat  to  tho  anrfhoo  of  the  substrate 
ia  the  aeeembiy  ia  ooiman  8  aad  may  thus  be  more  euoosptibte  to  tho 
writing  of  the  eobearate  tap  the  naeiat.  Is  cotaon  4  K  resides  oo  top  of 
•  flat  C»  aoaotayw  but  fe  eovtrad  by  i  (t-lSKWu)  mopoieysr.  which 
Is  itself  isaollvi  toward  KMnO»  ee  ooeeperad  with  the  laert  C*  Mayer 
covering  tbe  andeeiyjng  raeetive  one  hi  column  8. 

(84)  This  pragraorion  of  weak  twtae  and  wag  CH,  bend*  characteristic 
ot  tapdroembon  cheine  In  the  Mlp  srteeAed  eH-trara  conformation,  is 
obenrved  only  ia  IR  opectrs  of  linear  peosfBaic  compounds  in  the  solid 
state-three  rissonrionel  crystalline  pheeee*  or  ordered  ooUdUke  mono- 
lajara.4*-** 

(86)  Saydw,  R.  O.  J.  MOL  Sptttnm.  INI,  7,  US  and  references  cited 

(84)  Nawfil,  Raboh,  l  K  Sendee,  J.  0.  J.  Chon.  Phyt.  1848, 42, 
2184. 


the  reactive  double  bonds  into  a  compact  hydrophobic 
environment  provides,  as  expected,  significant  protection 
against  their  attack  by  aqueous  KMn04.  A  dense  C® 
bilayer  is  thus  found  to  efficiently  prevent  the  oxidation 
ot  the  terminal  double  bonds  in  an  underlying  (t-17)Cu(u) 
monolayer  exposed  to  the  permanganate  reagent  for  a  time 
long  enough  to  ensure  almost  quantitative  oxidation  of  a 
layer  of  unprotected  terminal  double  bonds.  It  ia  also 
apparent  that  drastic  deterioration  of  the  planned  archi¬ 
tecture  of  the  investigated  films  doe*  not  occur  during  a 
3- min  exposure  to  the  KMn04  solution,  in  spite  of  their 
complete  wetting  by  the  reagent 

Oxidation  of  Intrachain  Doable  Bonds  in  Film 
Assemblies  Containing  the  tran* -13-Docoeenyl 
Moiety.  Figure  4  summarizes  ER  and  contact  angle  data 
obtained  for  12  film  assemblies,  including  LB  (L)  and 
self-asaembled  (A,  adsorbed)  monolayers,  LB  trilayer 
structures,  and  a  trilayer  comprised  of  an  LB  bilayer  de¬ 
posited  on  an  underlying  self- assembled  OTS  monolayer. 
The  films  are  arranged  in  the  order  of  decreasing  reactivity 
(decreasing  An)  toward  KMn04. 

As  expected,  the  mixed  LB  monolayer  in  column  1 
(Figure  4)  is  one  of  the  most  susceptible  to  attack  by  the 
KMn04  reagent  (An  *  0.49-0.50).  However,  the  internal 
double  bond  is  definitely  more  protected  than  the  terminal 
one  (An  ~  1.0)  in  the  same  monolayer  (Figure  2,  column 
2). 

The  estimated  extent  of  double  bond  oxidation  (An)  in 
the  LB  aaeemMiee  on  ZnSe  (columns  2-5,  Figure  4)  varies 
between  ca.  10%  and  ca.  50%  of  a  complete  monolayer. 
A  comparison  of  the  reactivity  of  these  films  suggests  that 
neither  a  (M3)Ca(u)  monolayer  (column  4,  Figure  4)  nor 
an  inert  C®  bilayer  (column  3)  provides  significant  extra 
protection  to  the  internal  double  bonds  of  an  underlying 
(t-13)C*j(u)  monolayer.  It  is  interesting  to  note  that  the 
highest  resistance  to  attack  by  the  KMnO«  reagent  among 
these  films  is  exhibited  by  the  trilayer  assembly  in  column 
5  of  Figure  4  (An  ~  0.10-0.20),  where  the  reactive  mon¬ 
olayer  ia  positioned  on  the  outer  film  surface,67  as  com¬ 
pand  with  the  lower  resistance  of  the  film  in  column  3  (An 
~  0.30-0.35),  when  the  reactive  monolayer  is  covered  by 
an  inert  C®  bilayer. 

It  was  further  surprising  to  find  that,  although  more 
wettable,  films  on  Ge  (columns  6,  7,  Figure  4)  appear  to 
be  leee  reactive  toward  KMnO,  than  their  counterparts  on 
ZnSe  (An  values  between  0.04  and  0.36).  As  on  ZnSe,  the 
outer  (t-13)C®(u)  monolayer  in  the  assembly  in  column 
6b  of  Figure  4  is  seen  to  be  leee  affected  by  the  reagent  (An 
~  0.04)  than  that  in  the  asaembly  in  column  7  (An  ~ 
0.05-0.20),  which  is  covered  by  a  C®  bilayer.  From  the 
data  in  Figure  4  it  in  also  apparent  that  relatively  large 
variations  in  the  An  values  may  be  found  between  different 
specimens  with  supposedly  identical  film  architecture  (see 
columns  2a,  2b,  6a,  6b,  Figure  4). 

Contrary  to  the  LB  monolayer  and  multilayer  assem¬ 
blies,  the  stability  and  chemical  inertness  of  the  self-as¬ 
sembled  monolayer*  (columns  8  and  9,  Figure  4)  are  re¬ 
markable.  Within  the  precision  of  the  IR  measurements 
(±5%  of  a  complete  monolayer),  both  the  silane  and  the 
acid  monolayers  appear  to  be  totally  unaffected  by  the 
3- min  exposure  to  the  KMnO,  reagent96  All  spectral 
features  in  the  ATR  spectra  of  these  self-asaembled 
monolayers  are  practically  invariant  upon  exposure  to  the 

(87)  The  fraction  of  reacted  Intrahyer  double  bond*  in  tbit  outer 
(f-18)Ca<ii)  monolayer  ia  timflar  to  that  of  the  terminal  double  band*  in 
the  tuM*rtyinf  monolayer  fat  the  earn*  eeeembty  (Fifure  2, 

column  4). 

(44)  bpoaur*  to  aqueous  KMnO,  for  loafer  times  affbetetb*  add  but 
not  the  eflan*  moooUyera.** 
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Figaro  8.  ATR  infrared  spectra  of  a  thick  polycrystalline  film  of  (M3)Ctf(u)  on  ZnSe  (see  teat  for  detail*  on  film  preparation):  (— ) 
before  and  (•••)  after  a  3-ntin  exposure  to  the  KMnO,  rotation. 


reagent.**  The  contact  ang lea  of  the  ailaae  monolayer 
(column  9,  Figure  4)  are  also  invariant,  while  the  drop  in 
the  HD  and  BCH  contact  angles  of  the  acid  salt  mono- 
layers  (column  8)  is  smaller  than  that  observed  for  their 
LB  counterparts  (column  2). 

Taken  together,  the  data  in  Figure  4  suggest  a  defect- 
controlled  mechanism  for  the  permanganate  attack  on 
double  bond  functions  embedded  in  the  hydrophobic  re¬ 
gion  of  a  dense  monolayer  or  multilayer  film  assembly. 
Apparently,  the  oxidant  molecules  cannot  penetrate  into 
the  inner  core  of  a  highly  ordered  and  tightly  packed 
monolayer  structure,  oxidative  attack  of  the  double  bond 
functions  being  possible  only  at  disordered  sites  in  the  film. 
According  to  tins  mechanism,  the  extent  of  double  bond 
oxidation  is  determined  by  the  size  and  density  of  defects 
present  in  the  initial  film  structure  and  by  the  extent  of 
structural  damage  produced  to  the  film  upon  exposure  to 
the  reagent  This  explains  the  observed  lack  of  correlation 
between  film  reactivity  (in  films  containing  the  tranr-13- 
docoeenyt  moiety)  and  the  planned  molecular  architecture 
of  the  film.  In  a  defect-free  closely  packed  monolayer 
structure,  the  eight  carbon  atoms  portion  of  the  film  ex¬ 
tending  above  the  reactive  ethylenic  function  is  sufficient 
to  block  completely  the  secern  of  the  oxidant  molecules 
into  the  film.  Placing  an  additional  C*,  bilayer  on  top  of 
such  a  monolayer  can  obviously  have  no  effect  on  its  re¬ 
activity,  whereas  the  observed  reactivity  of  a  defect-con¬ 
taining  assembly  with  suppoasdty  identical  structure  may 
not,  in  general,  be  expected  to  reflect  its  planned  three- 
dimensional  architecture.*0 

Support  for  this  interpretation  of  the  data  in  Figure  4 
comm  from  a  closer  analysis  of  some  characteristic  spectral 
features  in  the  IR-ATR  spectra  of  the  investigated  as¬ 
semblies. 

All  acid  salt  films  on  Ge  display  spectral  features  as- 
cribabie  to  long-range  crystalline  order.**44  This  is  lam 
obvious  on  ZnSe.  For  example,  a  comparison  of  the  ATR 
spectra  of  the  rather  inert  assembly  (on  Ge)  listed  in  Figure 


4,  column  6b,  with  those  of  the  more  reactive  one  (on  ZnSe) 
in  Figure  4,  column  3  (Figures  5  and  6,  respectively),  re¬ 
veals  a  sharper  carboxylate  (COO")  band  on  Ge  (at  1541 
cm'1),  the  splitting  of  the  CH,  bending  band  at  1467  cm'1 
(on  ZnSe)  into  a  doublet  (at  1464  and  1472  cm'1  (on  Ge)), 
and  the  presence  of  a  triplet,  at  1407, 1423,  and  1433  cm'1, 
on  Ge,  m  compared  with  a  poorly  resolved  doublet,  at  1410 
and  1423  cm'1,  on  ZnSe.  A  long  progression  of  weak  bands 
between  ca.  1100  and  1350  cm'1  is  detectable  in  both 
spectra;54  however,  these  bands  are  sharper  and  better 
resolved  on  Ge.  Finally,  the  “crystallinity*  of  the  film  on 
Ge  appears  to  improve  following  the  HsO  and  KMnO, 
treatments  (compare  the  1541-cm'1  bands  and  the  doublets 
around  1467  cm'1  in  the  two  curves  in  Figure  5),  while  no 
such  transformations  are  detectable  on  ZnSe  (Figure  6). 

According  to  these  observations,  the  films  on  Ge  are 
ordered  crystalline  (or  polycrystalline)  structures,  while 
less  order  and  uniformity  of  the  molecular  arrangement 
are  apparent  in  films  on  ZnSe.  Crystallization  of  the  films 
on  Ge  is  possibly  facilitated  by  the  weaker  anchoring  to 
this  substrate,  as  suggested  by  the  more  wettable  nature 
of  films  on  Ge  (see  discussion  above).  The  mobility  of  the 
film-forming  molecules  is,  presumably,  enhanced  by  the 
H*0  and  KMnO*  treatments,  thus  promoting  further 
crystallization  of  the  film. 

The  add  salt  bilayer  residing  on  top  of  a  stable  OTS 
underlayer  (Figure  4,  column  4)  is  exported  to  differ  from 
all  other  add  films,  as  it  has  no  direct  contact  with  the 
underlying  solid  substrate.  ATR  spectra  of  this  assembly 
are  depicted  in  Figure  7.  Some  of  the  spectral  features 
displayed  by  the  (t-13)Cn(u)  bilayer  in  this  film  (see 
difference  spectrum,  C,  in  Figure  7),  such  as  the  triplet  at 
1402, 1423,  and  1433  cm'1,  resemble  corresponding  features 
in  the  spectra  of  the  add  salt  trilayers  on  Ge  (Figure  5), 
while  the  1467-  and  1543-cm'1  bands  resemble  corre¬ 
sponding  bands  in  the  <ipectra  of  add  salt  trilayers  on  ZnSe 
(Figurefi).  These  observations  point  to  variations  in  the 
detailed  molecular  organisation  within  each  of  these  add 
salt  films.  Exposure  of  the  acid  bilayer  on  OTS  to  the 
permanganate  solution  does  not  produce  any  changes  in 
the  appearance  of  its  IR  spectrum  (Figure  7).  However, 
part  of  the  film  material  is,  apparently,  removed  from  the 
surface  of  the  substrate,  as  indicated  by  the  decreased 
intensities  of  aQ  IR  bands  following  the  KMnO,  treatment 
(compare  the  solid  and  broken  curves  in  Figure  7C).  The 
corrected  An  of  this  film,  normalised  relative  to  the 
2919-cm'1  (CHj)  band,  indicates  oxidation  of  ca.  19%  of 
the  double  bonds  (Figure  4,  column  4),  while  considering 
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the  reduced  inteneity  of  the  carbozylate  (COO*)  bend  at 
1543  cm'1  one  would  obtain  An  ■  0.  Thia  mean*  that  the 
observed  decrease  in  the  intensity  of  the  O-C  band  in  this 
film  may  equally  be  aacribed  to  loee  of  material  from  the 
surface  and  poeeible  orientational  effect*  as  to  partial 
oxidation  of  tha  double  bonds. 

Two  important  concluaiona  emerge  from  the  above 
anaiysa:  (a)  No  matter  how  the  observed  changes  in  the 
spectra  of  the  LB  eaawmblira  are  interpreted,  it  is  evident 
from  the  mere  presence  of  such  changee  that  the  respective 
films  undergo  either  structural  or  chemical  modifications, 
or  both,  upon  exposure  to  the  peata^nganate  solution.  (b) 
The  lower  reactivity  of  the  assemblies  on  Ge  may  be 
escribed  to  their  crystallinity,  which  is,  however,  not 
necessarily  related  to  their  plimned  architecture. 

That  the  tight  packing  of  the  reactive  (t-13)Ca(u) 
molecules  in  a  three-dimensional  polycryatalline  structure 
precludes  their  oxidation  by  the  aqueous  KMnQ4  reagent4* 
is  demonstrated  in  Figure  8,  showing  spectra  of  a  thick 
polycrystalline  conglomerate  of  (M3)Cij(u)  on  ZnSe,  re¬ 
corded  before  and  after  exposure  to  the  KMn04  solution. 
The  amount  of  material  in  thia  film,  estimated  from  the 
peak  absorbance  of  the  CHt  bands  around  2900  cm'1,  is 
equivalent  to  ca.  15  monolayers.  Except  for  the  first 
monolayer,  which  chemisorbs  on  the  surface  as  the  zinc 
salt  (see  carboxylate  band  at  1539  cm'1),  the  rest  of  the 
material  in  the  film  is  polycrystalline  free  add  (carboxylic 
bands  at  1698  and  1714  cm'1).  The  crystallinity  of  the  film 
is  obvious  from  the  sharpness  of  all  ita  IR  bands,  the 
characteristic  splitting  of  the  1467-cm'1  (CH*)  bending 
band  into  a  doublet,  at  1461  and  1472  cm'1,  and  the 
well-resolved  progressions  of  twist  and  wag  bands,  ex¬ 
tending  from  1070  to  1360  cm'1.  As  suggested  by  its 
wetting  properties  and  SEM  micrographs,  the  crystallites 
composing  the  film  have  layered  structure  and  are  ar¬ 
ranged  with  the  layer  planes  parallel  to  the  ZnSe  surface 
(aee  discussion  above).  Exposure  of  this  film  to  the 
KMn04  solution  for  3  min  is  seen  to  leave  its  ATR  spec¬ 
trum  virtually  unchanged  (Figure  8),  with  no  measurable 
fraction  of  the  double  bonds  being  oxidized  by  the  reagent 

Summary  and  Conclusions 

Wetting  of  a  monolayer-  or  multilayer-covered  polar 
solid  by  water  or  by  the  aqueous  permanganate  solution 


requirea  establishment  of  direct  contacts  between  the  bulk 
liquid  and  the  solid  surface,  through  the  organic  film,  and 
lateral  diffusion  of  the  liquid  in  the  film-solid  interface. 
The  process  depends  on  the  presence  of  voids  or  channels 
extending  across  the  film  down  to  the  underlying  solid 
surface  and  on  the  mobility  of  the  film  molecules  in  the 
first  layer  adjacent  to  the  solid.  Solid  substrates  coated 
with  surface-immobilized  (covalently  bonded)  silane 
monolayers  are  not  wetted  by  water  or  by  the  per¬ 
manganate  solution  (except  on  Ge),  regardless  of  the 
presence  of  additional  acid  salt  overlayers. 

No  correlation  of  film  penetrability,  as  probed  by  the 
aqueous  permanganate  oxidation  of  intralayer  ethylenic 
double  bonds,  with  the  planned  three-dimensional  archi¬ 
tecture  and  total  thickness  of  the  films  could  be  established 
for  a  series  of  LB  built-up  films  ranging  from  one  to  three 
superimposed  monolayers.  Monolayers  produced  by 
self-assembly  were  found  to  be  more  stable  and  definitely 
less  penetrable  than  each  of  the  presently  investigated  LB 
films. 

A  combined  analysis  of  the  reactivity  and  wetting 
properties  of  the  investigated  film  assemblies  leads  to  the 
conclusion  that  passage  of  ions  from  an  aqueous  phase 
across  a  tightly  packed  monolayer  or  multilayer  assembly 
of  oriented  long-chain  surfactants  occurs  only  through 
fortuitous  structural  defects  in  the  assembly  or  through 
defects  generated  under  the  action  of  the  penetrating 
species.  An  eight  carbon  atoms  thick  submonolayer  barrier 
may,  apparently,  block  completely  the  passage  of  the 
aqueous  permanganate  ion,  provided  it  is  free  of  structural 
defects  and  does  not  deteriorate  upon  contact  with  the 
permanganate  solution. 

These  findings  suggest  the  necessity  of  a  thorough  in¬ 
vestigation  of  monolayer  penetrability  in  films  not  thicker 
than  a  single  monolayer.  Results  of  such  a  study  are  re¬ 
ported  in  parts  2s4  and  3“  of  this  series. 
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Thk  paper  presents  a  study  of  the  penetrability  of  solid-supported  monolayers  aa  a  function  of  their 
molecular  pecfcwg  density  and  mode  of  binding  to  the  solid  surface.  Methods  described  in  the  preceding 
paper  in  this  issue  are  applied  to  a  detailed  investigation  of  films  at  saturated  and  unsaturated  long-chain 
adds  (ionic  bonding)  and  silanes  (covalent  bonding)  in  the  submonolayer  to  complete  monolayer  range, 
produced  via  spontaneous  adsorption  (self-aaaembly)  from  solution.  It  is  shown  that  ordered  monolayers 
prepared  in  their  tightest  modes  of  packing  behave  aa  impenetrable  barriers  with  respect  to  the  passage 
of  the  aqueous  permanganate  ion,  provided  their  initial  rigid  structure  does  not  deteriorate  under  exposure 
to  the  KMn04  solution.  The  leaky  nature  of  ionic  add  salt  monolayers  is  found  to  correlate  with  their 
limited  structural  stability  in  aqueous  media,  while  the  remarkably  higher  barrier  effidextdes  of  analogous 
silane  monolayers  is  a  consequence  of  their  rigidisation  and  stabilisation  through  intralayer  and  layer- 
to-surface  covalent  bonding. 


Introduction 

A  study  of  the  penetrability  of  a  series  of  solid-supported 
film  assemblies,  induding  Langmuir- Blodgett  (LB)  and 
self-assembled  (SA)  monolayers,  and  LB  multilayers  of 
some  saturated  and  unsaturated  long-chain  adds  and  si¬ 
lanes,  under  exposure  to  KMn04  in  aqueous  solution,  was 
reported  in  part  1  (preceding  paper  in  this  issue).1  All 
films  described  in  part  1  were  prepared  in  their  tightest 
modes  of  packing  and  were  exposed  to  the  permanganate 
solution  for  a  fixed  period  of  time  (3  min),  within  which 
almost  complete  oxidation  of  unprotected  (surface-expo¬ 
sed)  double  bonds  was  observed.  A  comparative  analysis 
of  the  penetrability  of  these  assemblies,  aa  deduced  from 
the  extent  of  double  bond  oxidation  in  the  unsaturated 
film  components  and  from  changes  in  their  surface  wett¬ 
ability,  suggests  a  defect-controlled  mechanism  for  the 
passage  of  the  permanganate  ion  across  the  films.  In 
general,  SA  monolayers,  and  particularly  those  stabilized 
by  intralayer  and  layer-to-surface  covalent  bonding  (si¬ 
lanes),  were  found  to  exhibit  barrier  efflciences  remarkably 
higher  than  those  of  acid  salt  LB  films  in  the  range  from 
one  to  three  superimposed  monolayers.  A  sharp  decrease 
in  the  latter’s  penetrability  was  observed  in  films  thicker 
than  aavao  monolayers.  These  results  lend  support  to  the 
notion  that  the  role  of  total  film  thickness  is  important 
only  inasmuch  as  it  contributes  to  healing  of  defects  in  a 
structure  made  of  intrinsically  leaky  monolayers. 

The  main  factors  determining  the  penetrability  of  the 
monolayer  films  reported  in  part  1  appear,  thus,  to  be  the 
degree  of  film  structural  perfection  and  its  structural 
stability  under  the  action  of  the  penetrating  reagent  This 
paper  (part  2)  focuses  on  the  roles  of  the  above  two  factors 
in  the  process  of  monolayer  penetration  by  the  aqueous 
permanganate  ion.  Advanatage  has  been  taken  in  the 
present  study  of  the  possibility  of  controlling  both  the 
strength  of  anchoring  to  the  underlying  solid  surface  and 
the  packing  density  c£  monolayers  produced  via  self-as- 
samMy.’  The  investigation  was  confined  to  ionically 
bonded  add  salts  and  covalently  bonded  silanes,  in  the 
submonolayer  to  complete  monolayer  range.  Variable 
times  at  exposure  to  the  permanganate  solution  were  em¬ 
ployed  in  order  to  check  the  long-term  structural  stability 
of  the  studied  films.  For  comparison,  data  previously 
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(1)  Macs,  R.:  8ecfv. 


',  1.  Langmuir,  jesnsriing  papsr  in  this 
',  J.  J.  Colloid  IrUcrfact  Sci'.  ltl 


1984, 100, 486. 


obtained  for  a  number  of  representative  LB  add  salt 
monolayers1  were  also  included  in  the  discussion  of  the 
results.  _ 

As  before,1  FTIR-ATR  spectroscopy  (including  also 
measurements  with  linearly  polarized  radiation2)  and 
wettability  (contact  angle)  observations  were  used  to  follow 
the  chemical  and  structural  transformations  produced 
upon  exposure  of  the  films  to  the  permanganate  solution. 


Experimental  Section 

All  materials  and  experimental  procedures  employed  in  this 
work  were  described  in  part  l.1 

The  unsaturated  silane  surfactant  (t-13)C2>(u)Si  (see  Part  l1 
and  ref  2  for  the  abbreviated  notations  of  the  surfactants  and 
respective  monolayer  systems)  was  prepared  from  brasaidic  add 
according  to  the  following  synthetic  route: 


CHj(CHj)tCH— CH(CHj),iCOOH  - 


CH.iCH^H-CHfCH^uCCbCH, 


UA1H, 


CH^CIDtCH— CHfCHdnCHjOH 
CH^CHJtCH— CH(CHduCH^r 


CB». 

Ms/THF 


CH,(CHj)tCH— CH(CHj)uCH,MgBr 

CHiICHJtCH— CHfCHWnCHjSiCl, 


The  esterification  with  4-(dimethylamino)pyridine  (OMAP) 
and  N,N-dicyciohexyicarbodiimide  (DCC)  and  the  reduction  to 
alcohol  with  LiAlH.  were  carried  out  according  to  standard 
procedures  (ref  3  and  4,  respectively).  The  bromination  of  the 
alcohol,  with  carbon  tetrabranide  (CBrJ  and  tri-n-butylphasphine 
((C4Hm)^>),  was  performed  according  to  the  method  of  Hoes  and 
GOani/  and  the  conversion  of  the  bromide  to  the  trichlorosilane 
eras  performed  via  addition  of  its  Grignard  reagent  in  tetia- 
hydrofiiran  (THF)  to  an  excess  of  tetrachloroeilane  (SiCl.)  in 
bensene  (<VD,  as  described  in  ref  6. 

Purification  of  the  ester  and  bromide  intermediates  eras  done 
by  chromatography  on  silica  arith  n-bexane  as  eluent,  and  the 
alcohol  was  recrystallised  from  ethanol  The  final  trichlorosilane 
product  was  isolated  from  the  reaction  mixture  after  decantation 
and  vacuum  evaporation  of  tbs  excess  SiCl.  and  the  bensene. 

The  intermediates  and  the  final  product  were  analyzed  by 
standard  proton  NMR  and  IR  spectroscopy.  A  number  of  weak, 
broad  features  identified  between  1500  and  1750  cm'1  in  the  IR 


(3)  Nisss,  B.;  SpsigHrh.  W.  Angtw.  Chm..  Int  Ed.  Engl.  1978, 17, 523. 

(4)  Vogel,  A  Practical  Organic  Chemistry;  Wiley:  New  York,  I960; 
p  879. 

(5)  Hoot,  J.;  Gilani,  S.  8.  H.  Con.  J.  Chtm.  1988,  48,  86. 

(6)  Netser,  L;  Iscovfci,  R;  Sagfv,  J.  Thin  Solid  Film*  1988, 90,  238. 
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C/C0  (Co=5.0xlC^M)  C(M) 


Ficua  1.  IR  absorbance  and  otmisctangjM  of  SA  monolayers  with  variable  pecking  density,  measured  before  and  after  a  3-min  exposure 

to  pure  wster  «nd/or  the  KMnO,  solution.  The  firit  eeven  columns  from  the  left  represent  brassidic  acid  absorbed  on  ZnSe  from  solutions 
of  relative  concentration*  C/C^,  C,  being  the  concentration  of  a  saturated  solution  of  braaaidic  add  in  BCH.1  The  last  two  columns 
represent  monolayers  of  the  corresponding  unaaturated  silane  adaorbed  on  ZnSe  at  solution  concentrations  (O  below  and  above  (last 


ahaorbance  after  exposure  to  a,  absorbance  after  exposure  to  KMnO,.  The  enhancement  of  the  CH,  and  CH,  peak  absorbances 
upon  exposure  to  KMnO,,  observed  in  column*  0.02, 0.2b,  and  0.6,  is,  moat  probably,  due  to  traces  of  organic  contaminants  picked 
up  from  the  surface  of  the  permanganate  solution  (these  specimens  were  exposed  to  KMnO,  by  immersion  in  the  bulk  liquid,  followed 
by  withdrawal  through  the  liquid-air  interface — see  description  of  experimental  procedures  in  the  preceding  paper1).  Middle  part: 
An  is  the  fraction  of  reacted  double  bonds,  determined  from  the  decrease  in  the  abeorbance  of  the  964-cnr’  peak,  a ,  relative  to  the 
initial  abeorbance,  uncorrected;  a,  relative  to  the  initial  absorbance,  normalised  with  respect  to  the  obeerved  change  in  the  abeorbance 


to  HjO,  ■,  absorbance  after  exposure  to  KMnO,.  The  enhancement  of  the  CH,  and  CH]  peak  absorbances 


peak  following  the  KMnQ,  traatmant,  may  ariae  from  the  statistical  spreading  of  the  IR  measurements.  Upper  part  Advancing  contact 
angle*  far  n-hexadecane  (HD),  bfaycfahexyl  (BCH),  and  water,  a,  initial  value*;  ■.  after  exposure  to  HA  ■,  after  exposure  to  KMnO,. 


spectra  of  the  final  trichloroeilans  product  as  well  as  its  bromide 
and  alcohol  precursor*  may  originate  in  some  residual  eater  and 
carfaoxyiate  impurities.  These  impurities  adsorb  on  ZnSe,  along 
with  the  ailaua  eurfacft  (see  figure  6),  but  not  oo  siBocn  (spectra 
an  Si  are  not  shown).  No  measurable  effect  of  these  impurities 
on  the  contact  angles  or  th*  barrier  afftcleucy  of  the  (t-13)Cn(u)Si 
monolayer*  could  bs  detectad  (ea»  Reauha  and  Dticustion.  below). 

Raeolta  and  Discussion 

M— layis  wHh  Variable  Packing  Density.  Ex¬ 
pos  ore  to  KMbO,  for  3  ala.  Experiment*  were  per¬ 
formed  with  a  series  of  SA  monolayers  of  braaaidic  acid 
on  ZnSe,  in  the  rants  from  ca.  36%  to  complete  surface 
coverage,  wad  two  monolayers  of  tbs  corresponding  un- 
aeturstad  silane,  st  cs.  60%  and  oomplste  surface  coverage, 
loapsctfrely.  Figure  1  summarises  tbs  IR  and  contort  angle 
dote  obtained  before  and  after  exposure  of  these  films  to 


H]0  and/or  the  aqueous  KMnO,  solution. 

Aa  discussed  in  part  l,1  the  fraction  of  reacted  double 
bonds  (An)  determeined  form  the  relative  peak  intensities 
of  the  ethyienk  bending  band  at  964  cm'1  is  subject  to  an 
uncertainty  of  the  order  of  at  least  5%  of  a  complete 
monolayer.  At  partial  surface  coverages,  the  uncertainty 
in  the  An  values  is  correspondingly  higher.  Despite  this 
limiation,  it  is  still  possible,  from  the  IR  data  plotted  in 
Figure  1,  to  draw  a  dear  qualitative  picture  of  the  trends 
relating  film  penetrability  to  its  molecular  packing  density. 

Thus,  an  upper  limit  value  of  An  *  0.86  is  reached  at 
ca.  36%  and  56%  surface  converage  (incomplete  mono¬ 
layers  of  braaaidic  acid  prepared  with  solution  concen¬ 
trations  C  *  0.004Co  and  0.02Cq,  respectively).  It  then 
drops  to  about  0.60-0.40,  at  ca.  73%  surface  coverage 
(solution  concentration  C  »  0.2  Co)  and  finally  to  0  (no 
measurable  oxidation  of  the  double  bonds)  at  100%  surface 
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Figura  2.  ATR  infrared  spectra  of  the  brassidic  add  monolayer  of  Figure  1,  column  1.0b:  ( — )  before  and  (-  -  -)  after  a  3-min  exposure 
to  the  KMn04  solution. 


coverage  (C  «  Cg).  Significant  oxidative  attack  (An  » 
0.30-0.35)  ia  observed  at  C  «  O.6C0,  although  the  surface 
coverage  reached  at  this  concentration  appears  to  approach 
completion  too.  For  the  silane  monolayers,  An  values  of 
about  0.60  and  0  are  observed  at  ca.  60%  and  100%  surface 
coverages,  respectively  (last  two  columns  in  Figure  1). 

Further  evidence  for  the  penetration  of  the  KMnO< 
solution  in  the  monolayer-substrate  interfacial  region  ia 
provided  by  the  changes  observed  in  the  car  boxy  late 
(COO-)  region  in  the  spectra  of  the  incomplete  acid 
monolayers.  These  consist  in  a  variable  drop  in  the  peak 
absorbance,  broadening  of  the  initial  carboxylate  band,  and 
the  appearance  of  new,  broad  bands  around  1600  cm-1.  No 
such  changes  are  observed  in  the  spectra  of  the  complete 
add  salt  monolayers  (compare  the  COO-  peak  absorbances 
in  Figure  1). 

These  results  confirm  the  expected  dependence  of  film 
penetrability  on  its  molecular  packing  density.  If  prepared 
in  their  tightest  modes  of  packing,  both  the  acid  salt  and 
silane  monolayers  are  seen  to  provide  efficient  protection 
to  intralayer  double  bonds  during  a  3-min  exposure  to  the 
KMn04  solution.  The  substantial  double  bond  oxidation 
observed  under  identical  experimental  conditions  in  the 
incomplete  monolayers  of  the  same  compounds  is  evidently 
associated  with  the  leaky  structure  of  these  films. 

The  changes  in  the  contact  angles,  plotted  in  the  upper 
part  of  Figure  1,  reflect  not  only  the  reactivity  of  the  re¬ 
spective  films  toward  KMn04  but  also  their  sensitivity  to 
water  and  aqueous  permanganate,  related  to  their  specific 
modes  of  binding  of  the  surface.1 

The  incomplete  acid  salt  monolayers  listed  in  the  first 
three  columns  of  Figure  1  are  seen  to  be  wetted  by  each 
of  the  three  test  liquids  following  their  exposure  to  per¬ 
manganate.  A  drastic  drop  in  the  contact  angles  of  the 
hydrocarbon  liquids  is  also  observed  following  the  exposure 
of  these  films  to  pure  water  (see  columns  0.2a  and  0.2b  in 
Figure  1).  Identical  treatments  applied  to  the  complete 
acid  salt  monolayers  cause  only  a  moderate  drop  in  their 
BCH  and  HD  contact  angles  (see  columns  1.0a  and  1.0b 
in  Figure  1).  All  acid  salt  monolayers  are  wetted  by  the 
permanganate  solution  and  by  water  following  their  ex¬ 
posure  for  3  min  to  KMn04  or  pure  H20.  The  wetting  of 
these  monolayers  may  not  be  ascribed  to  the  presence  of 
the  double  bonds,  as  similar  behavior  is  displayed  also  by 
monolayers  of  saturated  acids,  such  as  arachidic  acid  on 
ZnSe  (Cjo/ZnSe).1 

The  behavior  of  the  unsaturated  silane  monolayers  (last 


two  columns  in  Figure  1)  is  distinctly  different  from  that 
of  the  add  salt  films.  There  is  practically  no  effect  of  the 
KMn04  treatment  on  the  wettability  of  the  complete  silane 
monolayer  (Figure  1,  last  column),  while  a  large  drop  is 
observed  in  all  contact  angles  of  the  incomplete  one. 
However,  unlike  the  acid  salt  films,  complete  wetting  by 
water  was  never  observed  with  surfaces  coated  by  silane 
monolayers.  The  water  contact  angles  displayed  by  the 
incomplete  silane  monolayer  remain,  thus,  relatively  high 
even  after  its  treatment  with  permanganate. 

We  may  conclude,  on  the  basis  of  these  observations, 
that  only  covalently  bonded  (silane)  monolayers  allow  a 
direct  relationship  to  be  established  between  the  extent 
of  double  bond  oxidation  and  the  drop  in  their  water 
contact  angles.  The  wettabilty  of  the  ionic  (acid  salt) 
monolayers  is  a  more  complex  function  of  their  reactivity, 
the  penetration  of  water  into  the  film,  and  its  lateral 
diffusion  in  the  monolayer-substrate  interface.1  The  latter 
process  clearly  depends  on  the  surface  mobility  of  the 
monolayer- forming  molecules  under  the  influence  of  an 
aqueous  environment.1  This  interpretation  is  consistent 
with  the  observed  insensitivity  of  surface-immobilized 
monolayers  of  saturated  silanes  to  treatments  by  water 
and/or  aqueous  KMn04,  regardless  of  their  degree  of 
compactness.  Thus,  exposure  of  an  incomplete  (ca.  78% 
surface  coverage)  monolayer  of  n-octadecyltrichlorosilane 
(OTS)  on  Si  to  the  KMn04  solution  for  3, 10,  and  60  min 
produced  no  detectable  changes  in  its  contact  angles  (HjO, 
103";  BCH,  46°;  HD,  43"). 

Finally,  it  would  be  of  interest  to  note  that,  as  far  as  ER 
spectroscopy  may  reveal,  no  major  structural  modifications 
appear  to  necessarily  accompany  the  wetting  of  acid  salt 
monolayers  by  the  aqueous  permanganate  solution.  This 
is  particularly  well  demonstrated  in  Figure  2,  showing 
IR-ATR  spectra  of  the  complete  brassidic  acid  monolayer 
listed  in  Figure  1,  column  1.0b,  taken  before  and  after  its 
exposure  to  KMn04. 

The  appearance  of  the  spectra  in  Figure  2  is  ’‘unusual", 
displaying  features  normally  not  observed  in  acid  salt 
monolayers  on  ZnSe17  (compare  with  curve  a  in  Figure  5). 
Thus,  all  spectral  bands  in  Figure  2  are  sharper,  the  COO- 


(7)  SA  acid  salt  monolayers  displaying  “unusual*  spectra,  as  in  Figure 
2,  wen  occasionally  produced  on  ZnSe  plates  when  used  for  the  first  time 
in  monolayer  adsorption.  Attempts  to  reproduce  such  spectra  on  a 
particular  plate  after  removing  a  first-adsorbed  monolayer  have  con¬ 
stantly  failed.  The  conditions  required  to  promote  formation  of  such 
“unusual"  monolayers  are  under  current  investigation. 
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Figure  3.  IR  absorbance  and  contact  angles  of  SA  and  LB  complete  monolayers,  measured  before  and  after  a  3- min  exposure  to  pure 
water  and/or  aqueous  KMnO«:  1,  A,OTS/ZnSe;  2,  L,C*>/ZnSe;  3,  A,(M3)Cti(u)Si/ZnSe;  4a  and  4b,  A,(t-13)C.Q(u)/ZnSe;  5a  and  5b, 
L,(t-13)Ca(u)/ZnSe;  6,  L,(t-17)C,a(u)/ZiiSe.  Tbs  Rims  in  columns  3, 4a,  and  4b  are  the  same  as  in  the  last  column  and  columns  1.0a 
and  1.0b  of  Figure  1,  respectively.  All  other  notations  are  as  in  Figure  1. 


band  is  shifted  ca.  4-6  wavenumbers  to  the  red  and  its 
peak  absorbance  (at  1538  cm-1)  is  almost  threefold  higher 
than  that  usually  observed  (Figure  1),  the  CH2  bending 
band  is  shifted  from  1467  to  1463  cm'*,  the  1409-cm'1  band, 
ascribed  to  the  bending  vibration  of  the  CH2  group  adja¬ 
cent  to  the  car  boxy  late*  (see  curve  ft.  Figure  5)  is  missing, 
and  a  new  band  is  now  present  at  1398  cm'*.  The  peak 
absorbance  of  the  O-C  band  at  964  cm’1  is  also  higher 
than  that  normally  observed  (Figure  1),  and  an  unusually 
long  progression  of  well- resolved  twist  and  wag  methylene 
bands  is  visible  between  1072  and  1336  cm'1.  All  these 
features  are  indicative  of  a  highly  ordered  and  rigid 
monolayer  structure,  possibly  displaying  long-range  crys¬ 
talline  order  in  the  layer  plane.*** 

The  initial  ordered  structure  of  the  acid  salt  monolayer 
in  Figure  2  appears  to  be  preserved  upon  treatment  with 
aqueous  permanganate,  as  the  two  curves,  taken  before  and 
after  the  exposure  to  KMnO«,  are  virtually  identical. 
Additional  evidence,  indicating  only  minor  alterations  in 
the  orientation  of  the  paraffinic  chains  of  this  monolayer 
upon  treatment  with  aqueous  permanganate,  is  furnished 
by  ATR  measurements  with  linearly  polarized  radiation. 

The  dichroic  ratios*  (At/A,)  in  Table  I,  measured  for 
a  number  of  representative  films  of  brassidic  add  on  ZnSe, 
are  indicative  of  preferential  perpendicular  orientation  (on 


(8)  Gun,  J.;  Iacovici,  R-;  Sagiv,  J.  J.  Colloid  Inttrfac *  Sci.  1984, 101. 
201. 

(9)  It  should  ba  noted  that  the  spectra  in  Figure  2  differ  from  thoee 

of  crystaUins  LB  multilayer  flhna  of  the  Cd*+  «alt  of  hesasidic  sad  on  Ge.1 
The  doublet*  centered  et  1487  end  1428  cm'1  is  the  multilayer  ipectrt 
(Figure  19  is  ref  2)  art  characteristic  of  a  multilayer  cryttal  itructun  with 
two  molecule*  pet  unit  call.  No  such  bead  apiittlngi  ere  observed  in 
Figure  2,  which  would  suggest  the  existence  of  a  distinct  monolayer 
crystalline  structure  with  only  one  molecule  per  unit  ceil.  The  present 
spectral  ere  first  indications  for  feasible  long-range  crystalline  order 
in  self-assembled  monolayer  film*.1* 


Table  I.  Polarised  ATR  Measurements  of  Some 
Representative  (t-tS)Cg(a)  Monolayer*  on  ZnSe:  Dichroic 
Ratio*  (A  JA ,)  at  the  Peak  Absorbance  of  the 
Antisymmetric  (ca.  2919  cm-1)  and  Symmetric  (ca.  2850 
cm-1)  Methylene  Stretching  Bands* 


m nr  \to 
of  complete 

moaoluyer) 

ca.  2919  cm'1 

ca.  2860  cm'1 

initial' 

H,0* 

KMnfV 

initial' 

HjO* 

KMnO, 

L  (100%) 

1.102 

1.002 

1.123 

0.966 

A  (100%) 

'  1.186 

1.160 

1.060 

1.222 

1.166 

1.080 

A*  (100%  )4 

1.046 

1.064 

1.066 

1.139 

1.194 

1.172 

A  (73%) 

0.980 

1.000 

1.020 

1.000 

1.030 

1.030 

■  Tb*  theoretical  dichroic  ratios  expected  for  perfect  perpendi¬ 
cular  and  random  orientation  of  the  paraffinic  chains  are  1.237  and 
0.970,  respectively. *  *L  stands  for  LB  and  A  for  SA  (adsorbed) 
monolayers.  'Dichroic  ratio*  were  determined  before  (initial)  and 
after  a  3- min  exposure  to  pur*  HjO  and  than  to  the  KMnO,  solu¬ 
tion.  *  The  ‘unusual"  brassidic  acid  monolayer  of  Figure  2. 

the  layer  plane)  of  the  chains  in  the  complete  monolayers.2 
Significantly  lower  dichroic  ratios  were  obtained  for  the 
‘unusual*  monoLyer  as  compared  with  thoee  of  ‘normal* 
ones,  particularly  in  the  2919-cm'1  band  (see  also  ref  2), 
which  would  suggest  a  tilted  chain  arrangement  in  the 
former.  The  normal  SA  monolayer  in  Table  I  also  displays 
somewhat  better  perpendicular  chain  orientation  than  the 
LB  monolayer.8 9 10  As  expected,  the  incomplete  SA  mon- 


( 10)  A  quantitative  evaluation  of  the  chain  orientation  from  polarized 
ATR  measurement*,  at  those  presently  reported,  it  subject  to  consider¬ 
able  uncertainty  due  to  the  low  sensitivity  of  such  measurements  to 
orientational  effects  and  th*  relatively  large  experimental  error  aseoaated 
with  the  determination  of  th*  dichroic  ratios.' 

(11)  A  similar  paak  at  1748  cm'1  was  previously  observed  following 
treatment  of  a  saturated  tcid  salt  monolayer  (CWZnSet  with  aqueous 
KOH.'  This  band  may  represent  a  bass  lint  artifact  originating  in  re¬ 
sidual  ZnSe  contribution*/1'1* 
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olayer  (ca.  73%  surface  coverage)  is  less  ordered  than  each 
of  the  complete  ones  (lowest  dichroic  ratios  in  Table  I). 

The  significant  drop  in  the  dichroic  ratios  of  the  LB  and 
normal  SA  monolayers  following  the  water  and  per¬ 
manganate  treatments  suggests  significant  deviations  from 
the  initial  orientation  or  partial  randomization  of  the  pa¬ 
raffinic  chains  in  these  films.  An  opposite  trend,  i.e.,  a 
small  increase  in  the  dichroic  ratios,  is  observed  for  the 
unusual  and  incomplete  monolayers,  suggesting  that  only 
minor  orientational  changes,  possibly  leading  to  slightly 
improved  perpendicular  orientation  of  the  chains,  occur 
in  these  films  upon  treatments  with  water  and  per¬ 
manganate.  This  improvement  in  the  chain  orientation, 
particularly  in  the  incomplete  monolayer,  may  arise  from 
a  hydrophobic  effect  inducing  chain  association  in  the 
water-treated  films. 

The  main  results  of  the  experiments  with  dense  (com¬ 
plete)  monolayers  exposed  to  KMnO,  for  3  min  are  sum¬ 
marized  in  Figure  3.  Figure  3  lists  both  SA  and  previously 
investigated1  LB  monolayers,  arranged  in  the  order  (from 
left  to  right)  of  increasing  susceptibility  to  KMn04.  The 
first  two  columns  include  monolayers  of  the  saturated 
surfactants,  OTS  and  Cj#,  and  the  last  one  an  acid  salt 
monolayer  with  exposed  outer  double  bonds.1 

A  point  of  interest  in  Figure  3  is  the  significantly  lower 
penetrability  of  the  SA  unsaturated  acid  salt  monolayers 
(columns  4a,  4b)  as  compared  with  their  LB  counterparts 
(columns  5a,  5b).  The  drop  in  the  CHa  absorbance  of  the 
LB  monolayers  in  columns  5a  and  5b  of  Figure  3  points 
to  the  structural  damage  produced  to  these  films  by  the 
permanganate  treatment.  No  such  changes  are  observed 
in  the  spectra  of  the  saturated  (Cjo)  LB  monolayer  (column 
2).  The  latter  monolayer  alao  exhibits  invariant  BCH  and 
HD  contact  angles,  although  its  complete  wetting  by  water 
following  the  KMn04  treatment  is  similar  to  that  of  the 
unsaturated  acid  salt  monolayers. 

The  superior  behavior  of  the  silane  monolayers  (columns 
1  and  3  of  Figure  3)  is  evident  from  the  invariance  of  both 
their  IR  spectra  and  contact  angles  upon  exposure  to 
KMn04. 

Exposure  to  KMn04  for  Times  Longer  Than  3  min. 
Figure  4  summarized  IR  and  contact  angle  data  obtained 
during  exposure  of  complete  SA  monolayers  of  brassidic 
acid  and  the  corresponding  unsaturated  silane  to  aqueous 
permanganate  for  periods  of  time  varying  between  3-60 
and  90  min,  respectively. 

The  gradual  disappearance  of  the  double  bond  band  at 
964  cm'1  (reaching  An  «■  0.87  at  60  min  of  exposure)  and 
the  concomitant  monotonic  drop  in  the  respective  BCH 
and  HD  contact  angles  (the  HjO  contact  angle  falls  to  zero 
already  at  3  min  of  exposure)  provide  unequivocal  evidence 
for  the  slow  oxidation  of  the  double  bonds  in  the  add  salt 
monolayer.  The  oxidation  process  does  not  involve 
cleavage  of  the  paraffinic  chains11  or  depletion  of  the  film, 
as  indicated  by  the  invariance  of  the  CHj  band  absorbance 
(An  *»  0  for  CHj). 

In  contradistinction  to  the  add  salt  monolayer,  no  sig¬ 
nificant  oxidation  of  the  double  bonds  could  be  detected 
in  the  silane  monolayer,  up  to  a  total  exposure  time  of  90 
min.  The  contact  angles  are  also  seen  to  be  stable,  except 
for  a  slight  decrease  that  might  be  due  to  eventual  ad¬ 
sorption  of  trace  impurities  on  the  exposed  film  surface. 

It  is  dear  from  these  results  that  only  covalently  bonded 
silane  monolayers  maintain  their  barrier  efficiency  over 
long  times  of  exposure  (hours)  to  the  penetrating  reagent, 
although  densely  packed  acid  salt  monolayers  may  show 


(12)  Msoz,  R-;  S*fiv.  J.  Thin  Solid  Film,  Its*.  132,  136. 


REACTION  TIME  (min) 

Figure  4.  Spectral  and  contact  angle  changes  measured  upon 
exposure  of  complete  monolayers  of  A,(t-13)CI2(u)/ZnSe  (open 
points)  and  A,(t-13)C0(u)Si/ZnSe  (solid  points)  to  the  KMnO, 
solution,  for  the  indicated  periods  of  time.  Loner  pert:  An  defines 
the  observed  decrease  in  the  IR  absorbance  relative  to  the  re¬ 
spective  absorbance  measured  before  exposure  to  KMn04,  with 
-CHj-  and  -C—C-  representing  ATR  peak  absorbances  at  ca. 
29X9  and  964  cm'1,  respectively.  Upper  part:  Advancing  contact 
angles.  •  and  O,  bicyclohexyl  (BCH);  a  and  A,  n-hexadecane 
(Iff));  ■  and  □,  HjO.  The  size  of  the  displayed  data  points 
indicates  the  estimated  reproducibility  of  the  IR  and  contact  angle 
measurements. 


similar  behavior  over  times  of  the  order  of  several  minutes. 

IR  spectra  corresponding  to  part  of  the  data  points  in 
Figure  4  are  given  in  Figures  5  and  6.  For  comparison, 
spectra  of  incomplete  monolayers  of  the  respective  com¬ 
pounds,  taken  before  and  after  3  m in-exposure  to  the 
permanganate  solution,  are  also  reproduced  in  the  upper 
parts  of  Figures  5  and  6. 

The  gradual  disappearance  of  the  double  bond  band  at 
964  cm'1  and  a  slight  broadening  of  the  CHj  bands  around 
2900  cm'1,  pointing  to  partial  disordering  of  the  paraffin 
chains,  are  clearly  seen  in  the  spectra  of  the  complete  acid 
salt  monolayer  (curves  a-d  in  Figure  5).  The  964-cm'1 
band  of  the  incomplete  acid  salt  monolayer  disappears 
almost  quantitatively  within  a  3-min  exposure  to  KMnO, 
(upper  curves  in  Figure  5). 

In  addition,  major  changes  are  also  visible  in  the  1500- 
1750-cm'1  spectral  region  in  Figure  5.  There  is  a  drop  in 
the  peak  absorbance  of  the  carboxyiate  band  at  1544  cm'1 
with  the  appearance  of  a  new  peak  at  1556  cm'1,  which 
becomes  dominant  after  a  60-min  exposure  to  KMn04 
(curve  d).  A  strong,  broad  band  around  1618  cm'1  is  visible 
in  the  curves  recorded  after  15, 20,  and  25  min  of  exposure 
to  KMn04  (curve  c).  Finally,  a  new  band  centered  at  1745 
cm'1  is  present  in  curve  d11  of  Figure  5. 

The  peak  at  1556  cm'1  may  be  ascribed  to  the  formation 
of  potassium  carboxyiate  species.1-13  The  origin  of  the 


(13)  CsrbosytsW  pssks  tt  1668  cm'1  were  observed  in  the  IR  tpectre 
of  bulk  potcssiuni  •Want*  m  sell  ■  of  « lurfece-iaunobUutsd  potassium 
carboxylsM  species  produced  by  Um  organic  KMnO,  oxidation  of  (t- 
13)Ct9(u)Sl/ZnSe.u 
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Figures.  Loner  part  ATR  infrared  spectra  of  the  br— idic  add 
monolayer  of  Figure  4  corresponding  to  (a)  0,  (b)  3,  (c)  IS,  and 
(d)  00  min  of  exposure  to  the  KMnO«  solution.  Upper  part: 
Spectra  of  the  incomplete  braasidic  acid  monolayer  of  Figure  1, 
first  column,  taken  before  (lower  curve)  and  following  a  3- min 
exposure  to  the  KMnO«  solution. 

other  spectral  features  in  this  region  is  not  well  understood; 
however,  moat  of  thorn  appear  to  originate  in  interactions 
of  the  KMn04  solution  with  the  ZnSe  surface  rather  than 
with  the  monolayer  double  bonds.  Thus,  the  strong 
1618-cur1  band  in  curve  c  of  Figure  5  may  not  be  attrib¬ 
uted  to  double  bond  oxidation  products,  as  ca.  80%  of  the 
double  bonds  are  still  intact  at  this  stage  of  the  reaction 
(Figure  4;  see  also  the  peak  at  964  cm'1  in  curve  c 
of  Figure  6).  Furthermore,  broad  spectral  features  of 
variable  intensity  and  distribution  are  found  between  1500 
and  1760  cm'1  in  all  spectra  of  incomplete  acid  salt  mon¬ 
olayers  following  their  treatment  with  aqueous  per¬ 
manganate  (see  spectra  of  the  incomplete  monolayer  in 
Figure  6)  as  well  as  in  the  spectrum  of  an  unooated  ZnSe 
plate  after  being  exposed  to  an  identical  KMnO*  treat¬ 
ment  No  correlations  could  be  established  between  the 
intensity  and  spectral  distribution  of  these  bonds  and  the 
density  of  reactive  double  bonds  in  the  respective  films. 

Except  for  the  drop  in  the  964-cm'1  (C—C)  absorbance 
of  the  incomplete  monolayer,  practically  no  other  changes 
are  observed  in  the  spectra  of  the  silane  monolayers  fol¬ 
lowing  their  treatment  with  permanganate  (Figure  6).  The 
CHg  mid  CHg  bands  around  2900  cm'1  are  Invariant  In  both 
the  complete  and  incomplete  silane  monolayers,  like  the 
broad  bands  around  1102  and  1033  cm'1,  ascribable  to 


Figure  6.  Lower  part:  ATR  infrared  spectra  of  the  unsaturated 
silane  monolayer  of  Figure  4  corresponding  to  (a)  0,  (b)  3,  and 
(c)  30  min  of  exposure  to  the  KMn04  solution.  A  curve  similar 
to  c  was  recorded  after  90  min  of  exposure  to  KMn04.  Upper 
part  Spectra  of  the  incomplete  silane  monolayer  of  Figure  1  taken 
before  (lower  curve)  and  following  a  3-min  exposure  to  the  KMnO< 
solution. 

Si-O-Si  and  Si-O-surface  bonds, 2-u  and  the  progression 
of  weak  bands  between  1178  and  1274  cm'1,  characteristic 
of  paraffinic  chains  in  the  extended  all-traru  conforma¬ 
tion.*’®’14  These  observations  provide  evidence  for  the 
structural  stability  of  the  silane  monolayers  under  exposure 
to  aqueous  KMn04.  The  presence  of  the  band  progression 
between  1178  and  1274  cm'1  also  in  the  incomplete  silane 
monolayer  (Figure  6,  upper  part)  is  indicative  of  a  partially 
ordered  islandlike  molecular  distribution  in  this  film.1®’1® 
The  assignment  of  the  weak  features  visible  in  all  curves 
in  Figure  6  between  1500'a3d  1750  cm'1  is  more  proble¬ 
matic.  The  band  around  ca.  1730  cm'1  was  previously 
ascribed  to  a  residual  ZnSe  contribution.11  However,  a 
weak  band  centered  at  about  the  same  wavelength,  in 
addition  to  some  broad  features  around  1575  cm'1,  has  also 
been  identified  in  the  spectra  of  bulk  (t-13)C]j(u)Si  as  well 
as  of  its  bromide  and  alcohol  precursors.  These  features 
might  originate  in  some  residual  ester  and  carboxylate 
impurities  carried  along  with  the  (t-13)Cj2(u)Si  material 
(see  the  Experimental  Section,  above).  The  presence  of 
theee  impurities  does  not  appear  to  have  any  measurable 
effect  on  the  penetrability  or  the  stability  of  the  respective 
silane  monolayers. 

Summary  and  Conclusions 
Conclusive  experimental  evidence  has  been  provided 
demonstrating  the  dependence  of  monolayer  penetrability 


(14)  Sahataal,  E.;  Rubinstein,  L;  Maos,  R-;  S«fiv,  J.  J.  Bloetroanal. 
CHom.  1SST,  SIS,  366. 

(15)  Oanft.  S.;  Hall,  R.  B.;  Deckaan.  H.  W.;  Alvans,  M.  S.  Pro e. 
Bltetroehm.  So c.  ISM,  85-4,  112. 

(16)  Cohan,  3.;  Naaman.  R.;  Sagft,  J.  J.  Phyt.  Chen.  IMS,  90,  3064. 
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on  its  molecular  packing  density  and  structural  rigidity. 
Densely  packed  monolayers  of  long-chain  amphiphilee 
could  be  produced  on  solids  by  spontaneous  self- assembly 
from  solution,  behaving  as  efficient  impenetrable  barriers 
with  respect  to  the  passage  of  the  aqueous  permanganate 
ion.  Permeation  of  ionic  species  from  aqueous  media 
through  such  solid-supported  monolayers  is  demonstrated 
to  be  e  defect-controlled  process.17  The  barrier  efficiency 
of  highly  ordered  monolayers  of  this  type  is,  ultimately, 
determined  by  their  long-term  structural  stability,  which 
is,  in  turn,  a  function  of  their  specific  mode  of  binding  to 
the  solid  surface.  Thus,  the  performance  of  covalently 
bonded  monolayers  (sOanes)  is  remarkably  superior  to  that 
of  analogous  ionic  films  (add  salts),  the  differences  between 
the  two  types  of  films  correlating  with  former’s  structural 
stability  versus  the  latter’s  deterioration  upon  prolonged 
contact  with  the  solution  of  the  penetrating  species. 

Complete  monolayers  of  unsaturated  long-chain  acid 
salts  prepared  for  the  present  study  by  spontaneous 
self-assembly  (SA)  from  solution  were  found  to  be  leas 
penetrable  than  their  LB  counterparts.  This  is  a  conse¬ 
quence  of  the  higher  degree  of  perfection  and  structural 
stability  of  the  SA  monolayers. 

Taken  together,  the  present  and  previously  reported1 
spectral  and  wettability  data  suggest  a  rather  intricate 
mechanism  for  the  wetting  of  add  salt  films  by  water  and 
aqueous  KMn04.  The  wetting  process  obviously  involves 
both  penetration  through  voids  across  the  film  and  lateral 
diffusion  of  the  wetting  liquid  in  the  monolayer-substrate 
interface.  This  requires  sufficient  surface  mobility  of  the 
film-forming  molecules.  However,  as  demonstrated  by  the 


LR  data,  wetting  of  a  film-covered  surface  by  the  KMnO< 
solution  is  not  necessarily  accompanied  by  detectable  al 
te rations  of  the  initial  film  structure  or  by  significant  ox¬ 
idation  of  intralayer  double  bonds.  It  thus  appears  that 
the  passage  of  the  wetting  liquid  across  the  film  occurs 
through  a  limited  number  of  pinhole  defects,  while  its 
lateral  diffusion  in  the  film-substrate  interface  is  mediated 
by  the  coupled  motion  of  relatively  large  numbers  of 
film-forming  molecules.  Electrostatic  factors  might  also 
play  a  role  in  the  wetting  of  the  ionic  films.  Finally,  the 
nonwettabie  character  of  the  silane  monolayers,  including 
the  incomplete  ones,  is,  obviously,  a  consequence  of  their 
surface  immobility,  resulting  from  intralayer  and  layer- 
to-surface  covalent  bonding. 

The  present  results  emphasize  the  key  roles  of  film 
structural  stability,  besides  its  structural  perfection,  in  the 
engineering  of  efficient  monolayer  barriers.17  The  use¬ 
fulness  of  ‘penetration-controlled*  reactions,  in  conjunc¬ 
tion  with  wettability  observations,  as  indicators  of  the 
penetrability  of  monolayer  films  is  demonstrated. 
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Observation  at  mdting  in  solid-supported  organic  moaoUycn  at  long-chain  amphipluks  using  FTIR  spectroscopy  and  wettability 
meant  remenu  it  reported.  Three  different  substrate-monolayer  interaction* — covalent,  ionic,  and  physical  bonds — were 
investigated.  Both  Langmuir-Blodgett  and  self-assembly  techniques  were  used.  With  the  exception  of  covalently  bound 
octadecyimchlorotilane.  all  species  underwent  a  large,  irreversible  randomization  at  around  1 10  °C.  Although  heating  affected 
slight  disorientation  of  the  chain*  in  OTS,  no  sharp  phase  transition  characteristic  of  a  melting  process  could  be  detected 
for  temperatures  up  to  140  *C.  The  importance  of  bead  group  immobilization  in  the  thermal  stabilization  of  monolayer 
structures  is  demonstrated. 


Ordered  monolayers  of  tong-chein  organic  amphipfailet  an  of 
interest  theoretically,  for  potential  applications,  and  because  of 
their  similarity  to  biological  membranes.  The  chains  can  be 
attached  to  hydrophilic  or  hydrophobic  substrates  through  the 
polar  head  or  the  alkyi  tail.  Than  exist  many  variations  in  the 
polar  bead  group*  and  the  type  of  bond  made  to  the  substrate. 
The  effect  of  these  variations  on  monolayer  structural  stability 
has  aot  beee  thoroughly  studied.  The  effect  of  temperature  on 
such  films  is  of  particular  interest.  Thermally  induced  phase 
transitions  in  soHd-eapported  monolayer  flhns  have  been  detected 


by  change*  in  the  friction  coefficient'  and  observed  by  electron 
diffraction2  and  Penning  ionization  spectroscopy .*  In  addition, 
melting  of  a  seven-layer  built-up  film  has  recently  been  reported 
by  using  FTIR  (Fourier  transform  infrared)  spectrosoopy.  The 
literature  lacks  information  on  the  effect  of  the  substrate-mon- 


(1)  Bowden,  F.  P.,  Tatar.  D.  The  Friction  end  Lubrication  of  SaUdr, 
CUrtadSK  Oxford,  1950;  Chapter  X 

(2)  Chapmaa,  J.  Ai  Tatar,  D.  Proc.  R.  So c.  London,  A  1 99*.  1*1,  9i. 

(3)  Harado,  Y.;  OmU,  H.;  Otmo,  K.  Surf.  Set  1904,  147,  356-40. 

(4)  NsaaBk,  C.;  (Utah.  1.  Fy  Swalee,  1.  D.  J.  Chcm.  Phyt.  1905. 12. 2136. 
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TABLE  1:  A»aacMg  Cefct  Aagiss  (dg)  MuswiS  kefore  (latttal)  mi  alt* r  Hsatig  sad  Caa li^  t»  AmHm*  Tmgtnan  (Faml)’ 

initial  final 


film  type 

H,0 

HD 

BCH 

H,0 

HD 

BCH 

trilayer 

115  A  2 

47  A  1 

S3  A  1 

109  A  2 

42  A  1 

48  A  1 

C„  (LB) 

108  A  2 

43  A  1 

49  A  1 

100  A  2 

32  A  2 

41  A  2 

Ca  (SA) 

105  A  2 

45  A  1 

51  A  1 

97  A  2 

30  A  2 

39  A  2 

OTS  (SA) 

113  A  2 

46  A  1 

51  A  1 

113  A2 

46  A  1 

51  A  I 

OTS  (SA.  P*) 

102  A  2 

42  A  1 

42  A  1 

102  A  2 

42  A  1 

42  A  1 

'Test  liquid*  u*ed  wen  H,0,  hesadecane  (HD),  and  bicydobexyl  (BCH).  ‘Partial  (ca.  60%  surface  coverage). 


Flgara  1.  Spectra  of  the  cadmium(Il)  arachidate  bilayer  on  OTS  ob¬ 
tained  by  mathematical  subtraction  of  OTS/A1  spectra  from  than  of  the 
cadmium(II)  arachidate/cadmium(II)  arachidate/OTS/Al  trilayer. 
Effect  of  temperature  (indicated  on  spectra)  in  the  two  spectral  regions 
it  seen.  Approximate  positions  of  the  obeerved  peaks  ire  is  follows:  (A) 
CH, ».  (2962  cm'1)  and  »,  (2935  and  2*76  cm'1);  CH,  r.  (2920  cm*1) 
and  »,  (2850  cm'');  (B)  CH,  (  (1465  cm’1),  COCT  »,  (1432  cm'1),  and 
v,  (1540  cm'1);  progresaion  (1 150-1450  cm'1). 

olayer  bonding  in  such  phase  transitions.  In  this  Letter,  we  wish 
to  present  preliminary  results  of  an  FTIR  and  wettability  study 
on  the  effect  of  temperature  on  the  structure  of  organized  organic 
monoiayen  of  long-chain  amphiphilcs.  Emphasis  has  been  placed 
on  the  influence  of  monolayer-substrate  and  intralayer  interac¬ 
tion*.5 

The  utility  of  FTIR  spectroscopy,  in  the  reflection-absorption 
mode,  for  detecting  orientational  changes  in  monolayers  on  metal 
mirrors  has  been  well  documented.4*’  Because  only  those  vi¬ 
brational  modes  with  components  perpendicular  to  the  surface 
are  excited,  any  changes  in  a  long  chain’s  orientation  relative  to 
the  substrate  can  be  easfly  observed.  When  an  alkyl  tail  is  oriented 
normal  to  the  surface,  the  methylene  stretching  mixlcs  are  parallel 
to  it  and  thus  cannot  be  detected.  As  the  orientation  is  lost,  these 
modes  gain  a  component  In  the  perpendicular  (Erection  and  their 
absorption  increases  dramatically. 

angle  measurements  <*q*»  complement  the  FTIR  results. 
For  tong-chained  amphiphilic  monolayers  exposing  CH,  groups, 
disorientation  results  in  contact  angles  significantly  lower  than 


(5)  Cabs*.  S.;  Nssmts,  R.;  Ssghr,  J.  la  ftsmdiqi  of  Iks  2nd  Inurmr 
Hanoi  Ceefsrmee as  Lmfmdr  glbdisn  fthm,  lihsasnsdy,  NY.  July  1-4, 
1985;  7M>  SoHd  films,  is  arsts. 

(6)  Gaa,  J.;  beorict,  R^  fish.  J.  J.  Colloid  Interface  Sri.  MBS,  101, 201. 

(7)  ABara,  D.  Naas, R.  0.  Langmuir  1989,  /,  52. 


Figure  2.  Spectral  changes  in  the  C-H  stretch  region  of  OTS/A1  upon 
heating  and  recooling.  showing  complete  (A)  and  partial  (B)  monolayers 
(see  text).  Peaks  are  identified  in  Figure  1  caption. 

the  values  characteristic  of  well-oriented  layers.6 7-*  The  wettability 
of  monolayer-covered  surfaces  may  thus  be  used  as  a  valuable 
tool  in  the  detection  of  structural  transformations  in  such  ft1  ms. 

Experimental  Section 

Sample  preparation  was  by  techniques  previously  described.4-’ 
Briefly,  the  mirror  substrates  were  formed  by  vacuum  evaporation 
(Edwards  evaporator)  of  the  pure  metal  onto  specially  cleaned 
glass  microscopic  slides.  Self-assembled  (SA)  monolayers  of 
n-octadecyltrichkxosilane  (OTS)  and  arachidic  acid  (CM)  were 
prepared  on  A1  by  adsorption  from  solutions  in  bicyclohexyl. 
Langmuir-Blodgett  (LB)  monoiayen  of  cadmium(II)  arachidate 
were  transferred  to  A1  and  Ag  substrates  by  using  standard 
techniques.  A  trilayer  film  was  also  prepared  by  building  up  two 
LB  monoiayen  of  cadmium(II)  arachidate  on  top  of  a  SA  OTS 
monolayer.  Thus,  the  alkyl  tail  of  the  Tint  LB  layer  faces  the 
alkyl  tail  of  the  OTS,  and  the  alkyl  tail  of  the  second  LB  layer 
points  outward,  leaving  the  polar  head  groups  of  the  two  chains 
situated  in  the  center  of  the  LB  bilayer. 

Spectral  measurements  were  made  with  a  Nicolet  MX-1  FTIR 
spectrometer,  at  described  previously.4  A  constant  purge  of 
cleaned  nitrogen  prevented  IR-absorbing  contaminants  from  en¬ 
tering  the  spectrometer  and  lessened  any  probability  of  oxidation 
at  the  higher  temperatures.  A  polarizer  was  used  to  select  the 
parallel  to  the  plane  of  incidence  component.  Signals  were  av¬ 
eraged  for  20  min,  640  scans,  and  are  shown  here  after  subtracting 
the  appropriate  reference  (blank  nurrors  +  polarizer).  The  sample 
mirrors  were  backed  by  resistiveiy  heated  copper  blocks.  Tem¬ 
perature  was  monitored  with  a  thermocouple. 

Contact  angle  measurements  were  performed  by  placing  drops 
of  the  respective  liquids  on  the  slides  under  ambient  conditions 
and  measuring  the  contact  angle  with  a  goniometer.’  The  readings 
were  made  brth  before  heating  and  after  beating  to  the  maximum 
temperature  used  in  the  FTIR  measurements  and  then  recooling. 


(S)  Maos,  R.;  Sagtv,  j.  j.  Colloid  Imsrfoct  Sci.  1984, 100.  465. 
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Hpn  3.  Spectral  changes  in  cadmium(ll)  arachidate  monolayer  on 
aluminum  upon  heating  and  rerouting.  For  description  at  peek  identities, 
see  Figure  1  caption. 

The  results  are  displayed  in  Table  I  for  the  monolayers  on  At 
substrates. 


Representative  spectra  of  two  extreme  cases — cadmium(II) 
arachidate  bilayer  on  OTS  and  OTS  monolayer — are  shown  in 
Figures  1  and  2,  respectively.  Contact  angles  are  displayed  in 
Table  I.  The  cadmium(II)  arachidate  bilayer  in  the  trilayer 
sample  represents  the  weakest  film-to-substrate  bonding:  vender 
Waals  attraction  between  the  hydrocarbon  mils  of  the  respective 
(OTS  and  cadmium(II)  arachidate)  chains.  The  results  (Figure 
1)  are  similar  to  those  obtained  for  the  seven-layer  cadmium(II) 
arachidate  LB  film  on  Ag.4  The  progression  between  1 130  and 
1430  cm'1,  characteristic  of  fully  extended  chains,  as  well  as  the 
COO*  stretching  at  1431  and  1340  cm'1  and  the  CH  stretching 
bands  around  2900  cm'1,  changes  moderately  up  to  ca.  100  *C. 
Detween  100  and  130  *C,  a  more  abrupt  change  in  the  respective 
band  intensities  occurs,  indicative  of  randomization  of  both  the 


hydrocarbon  chains  and  the  COO"  head  groups.  Significant 
reversibility  in  the  orientation  of  the  cadmium(Il)  arachidate 
bilayer  is  observed  upon  recooling  (see  also  Table  I). 

The  Cjo  monolayers,  both  SA  and  LB,  represent  an  intermediate 
case  of  bonding.  By  using  LB  monolayers  of  cadmium(II)  ara¬ 
chidate  on  two  different  substrates,  A1  and  Ag,  and  additionally 
a  Cjo  SA  arachidic  acid  monolayer  on  Al,  we  prepared  three 
monolayer  types  with  minor  variations  between  them.  The 
self-assembled  Cm  monolayer  is  either  physisorbed  or  ionically 
bound.*-7  The  cadmium  salt,  although  transferred  as  a  neutral 


species,  carries  potential  for  ionic  bonding.7  LB  monolayers  of 
the  salt  were  transferred  to  both  aluminum  and  silver  substrates 
in  order  to  distinguish  between  varying  substrate  influences. 
Although  the  COO*  stretch  spectral  region  varied  among  these 
different  monolayers,  the  main  features  of  the  randomization 
process  observed  in  the  C-H  region  woe  essentially  the  same. 
The  cadmium(II)  arachidate  moooiayer  on  aluminum  is  shown 
here  in  Figure  3  as  a  representative  example.  The  COO*  stretch 
region  in  Figure  3B  shows  broad  features,  presumably  due  to  the 
interaction  of  the  bead  groups  with  the  Al  surface,  as  discussed 
in  ref  6.  No  significant  variations  are  observed  in  this  spectral 
region  up  to  123  °C,  suggesting  that  randomization  of  the  pa¬ 
raffinic  chains  is  not  accompanied  by  significant  changes  in  the 
orientation  of  the  bead  groups.  In  this  case  reversibility  is  observed 
neither  in  the  spectral  features  nor  in  the  contact  angles  (Table 
I)  upon  recooling. 

The  covalent  bonding  of  OTS  represents  the  strongest  film- 
substrate  and  intralayer  interactions.*4  Both  complete  and 
less  ordered  partial  (ca.  60%  coverage)  monolayers  were  prepared. 
The  partial  moooiayer  appears  to  have  an  orientation  only  slightly 
worse  than  that  of  the  Kill  monolayer  (Figure  2).  This  supports 
evidence  that  incomplete  monolayers  form  in  partially  ordered 
islands  rather  than  as  a  sparse,  homogeneous  layer.10  Spectral 
changes  upon  heating  are  far  less  dramatic  for  both  the  complete 
and  partial  OTS  monolayers,  no  discontinuities  ascribable  to 
significant  disorientation  being  detected.  In  accord  with  the 
spectral  data,  the  contact  angles  were  invariant. 

In  summary,  several  effects  were  observed  upon  heating  and 
recooling  of  the  films.  The  first  effect,  below  certain  critical 
temperatures,  is  gradual  disorder — largely  reversible  upon  re¬ 
cooling  as  in  multilayer  assemblies.4  This  probably  corresponds 
to  thermal  excitation  of  vibrations.  For  the  covalently  bound  OTS 
monolayers  this  effect  was  very  weak  and  the  only  observed  change 
up  to  140  “C.  The  second  effect,  identified  in  the  CM  monolayers 
above  ca.  100  °C  by  randomization  of  the  paraffinic  chains,  is 
indicative  of  complete  collapse  of  the  monolayer  structure.  This 
may  be  ascribed  to  a  melting  phase  transition.4  The  CM  bilayer 
on  OTS  also  undergoes  this  melting  transition  above  ca.  100  °C. 
However,  it  displays  significant  structural  reversibility  upon  re¬ 
cooling  from  the  melted  state  (130  °C),  probably  induced  by  the 
stable  OTS  monolayer. 

Melting  of  an  oriented  and  densely  packed  array  of  long-chain 
amphiphiks  implies  a  finite  volume  expansion,  which  would  require 
some  degree  of  mobility  of  the  polar  head  groups.  Immobilization 
of  the  head  groups  by  covalent  intralayer  and  layer-to-substrate 
bonding,  as  in  the  OTS/A1  monolayers,  may  thus  be  expected  to 
prevent  melting  of  such  films.  The  higher  thermal  stability 
presently  reported  for  the  OTS  monolayers  supports  this  notion. 
Further  work  is  now  in  progress  in  an  attempt  to  elucidate  the 
role  of  head  group  immobilization  in  the  thermal  stabilization  of 
monolayer  structures. 
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A  study  is  presented  of  the  amount  of  coverage  of  Si  substrates  by  monolayers 
and  multilayers  of  molecules  deposited  by  the  self-assembling  technique.  Self- 
assembly  was  achieved  by  chemisorption  of  silane  compounds  from  solutions,  on  to 
smooth  n-Si  substrates.  The  coverage  was  examined  by  IR  absorption,  wettability 
and  X-ray  diffraction.  For  n-octadecyltrichlorosilane  (OTS),  prepared  as  a  single 
layer,  the  coverage  appears  to  be  close  to  100%.  For  a  monolayer  of  a  silane-methyl 
ester,  containing  24  carbons  (C24SME),  the  coverage  is  at  least  90%.  A  film 
comprising  three  layers  of  C24SME  molecules  could  be  modeled  by  a  mixture  of 
two-  and  three-layer  regions. 


1.  INTRODUCTION 

Spontaneous  adsorption  (chemisorption)  of  appropriate  amphiphiles  from 
organic  solution  has  been  shown  to  allow  the  formation  of  ordered  monolayer  films 
on  a  variety  of  polar  solid  surfaces1-3.  Recently,  this  monolayer  self-assembly 
process,  combined  with  a  chemical  activation  procedure  serving  as  an  externally 
controllable  trigger,  was  used  to  construct  planned  multilayer  structures  similar,  in 
some  respects,  to  solid-supported  Langmuir-Blodgett  (LB)  built-up  films*.  An 
important  difference  between  the  two  types  of  films,  aside  from  their  fundamentally 
different  mode  of  assembly,  is  related  to  the  fact  that  the  self-assembling  multilayer 
structures  are  obtained  as  covalently  bonded  (both  intra-  and  interlayer)  networks 
of  remarkable  physical  and  chemical  stability.  The  molecular  arrangement  and  final 
overall  architecture  of  such  systems  may  thus  be  expected  to  reflect  the  interplay 
between  the  various  weak  as  well  as  the  strong  forces  operating  during  the 
spontaneous  formation  of  each  monolayer  on  the  solid  substrate.  Sterical  and 
electrostatic  factors  should  play  important  roles  in  the  process. 

The  present  paper  addresses  the  question  of  whether  the  coverage  of  the 


*  Paper  presented  st  the  Second  International  Conference  on  Langmuir-Blodgett  Films,  Schenectady, 
NY,  U.SA,  July  1-4, 1985. 
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substrate  by  such  a  self-organized  monolayer  is  complete.  For  this  purpose  we  have 
applied  X-ray  diffraction  methods9,  complemented  by  quantitative  Fourier- 
transform  IR  attenuated  total  reflection  (FTIR-ATR)  and  wettability  measure¬ 
ments.  The  substrates  chosen  were  Si  because  polished  wafers  that  are  excellent  for 
X-ray  measurements  are  readily  available,  and  the  ATR  plates  were  also  of  Si. 

The  adsorbed  molecules  chosen  were  n-octadecyltrichlorosilane  (OTS,  CHj — 
(CH2),7 — SiClj)  and  a  long-chain  silane-methyl  ester  (C24SME,  CH3 — O— CO — 
(CH2)22 — SiClj),  and  of  a  trilayer  film  of  the  latter.  OTS  is,  to  date,  the  amphiphile 
for  which  the  largest  body  of  data  is  available  regarding  the  formation  of  covalently 
bonded  self-assembling  monolayers2,6.  Evidence  derived  by  a  number  of  different 
techniques2,6  points  to  the  structure  of  complete  OTS  monolayers  as  consisting  of 
arrays  of  fully  extended  and  densely  packed  hydrocarbon  chains,  with  essentially 
perpendicular  orientation  of  their  axes  on  the  layer  plane  (mean  deviation  of  the 
chain  axes  within  less  than  10°  from  the  surface  normal).  C24SME  is  representative 
of  a  new  series  of  bifunctional  silane-ester  surfactants,  recently  synthesized  for  the 
purpose  of  studying  the  self-assembling  properties  of  long-chain  amphiphiles 
containing  a  relatively  polar  and  bulky  function  at  different  positions  along  their 
chains7.  OTS  can  form  only  monolayers,  but  the  ester  group  of  C24SME  can  be 
chemically  activated  and  used  to  form  multilayers. 

2.  PREPARATION  AND  CHARACTERIZATION  OF  THE  FILMS 

The  general  methods  employed  in  the  preparation  of  self-assembling  mono- 
layers  and  in  the  ATR  and  contact  angle  measurements  were  described  before2. 
Solutions  of  the  respective  amphiphiles  (2.0  x  10" 3  M)  in  80%  bicyclohexyl  (BCH) 
+  12%  CC14 +  8%  CHClj  were  used  for  the  adsorption  of  the  present  films.  All 
materials,  except  C24SME,  were  identical  to  those  employed  in  previous  work2.  The 
synthesis  of  C24SME  is  described  elsewhere7.  The  low  oleophobicity  of  C24SME 
monolayers  (see  contact  angles  in  Table  I)  made  difficult  the  dry  retraction  of  such 
films  from  the  adsorption  solution.  Liquid  retained  on  top  of  the  monolayer-coated 
substrates  was  removed  by  Soxhlet  extraction  with  hot  chloroform.  In  order  to 
ensure  formation  of  solvent-free,  complete  monolayers,  all  presently  reported 
samples  (both  C24SME  and  OTS)  were  exposed  to  several  adsorption  (10  min)-hot 
CHClj  extraction  (20  min)  cycles,  until  invariant  maximal  contact  angles  and  IR 
signals  were  reached6. 

Multilayer  films  were  constructed  via  a  two-step  chemical  procedure  involving 
the  conversion  of  the  ester  functions  of  each  layer  to  terminal  hydroxyls  (the 
chemical  activation  step4),  followed  by  covalent  coupling  of  the  silane  functions  of 
the  subsequent  layer  to  the  exposed  hydroxyls  of  the  underlying  one  (the 
chemisorption  step4).  The  ester  carbonyls  were  reduced  to  terminal  hydroxyls  by 
immersing  the  film-covered  substrates  for  15-30  min  in  a  saturated  solution  of 
LiAlH4  in  dry  diethyl  ether  at  ambient  temperature,  followed  by  rinses  with  distilled 
water,  concentrated  HCI  (30%),  distilled  wa*er,  and  final  Soxhlet  extraction  with  hot 
CHC13  (20  min). 

Polished  n-type  Si  wafers  were  employed  as  film  substrates  in  the  X-ray 
diffraction  experiments,  while  the  IR  data  were  collected  from  a  separate  set  of  films 
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prepared  by  an  analogous  experimental  procedure  on  a  silicon  ATR  plate.  A 
qualitative  comparison  of  the  two  sets  of  samples  is  possible  through  their  contact 
angles2. 

Figures  1  and  2  depict  ATR-IR  spectra  recorded  after  each  step  in  the 
construction  of  a  C24SME/C24SME/Si  bilayer  and  an  OTS/C24SME/Si  bilayer 
respectively.  The  spectrum  of  an  OTS/Si  monolayer  is  also  shown  in  Fig.  2.  The 
corresponding  contact  angles  measured  for  n-hexadecane  (HD),  bicyciohexyl  (BCH) 
and  H20  are  listed  in  Table  I.  Inspection  of  the  IR  spectra  and  the  respective  contact 
angle  data  leads  to  the  following  conclusions  regarding  the  composition  and 
structure  of  the  films. 

1.  The  intensities  of  the  (H — C — H)  stretching  bands  around  2900  cm  " 1  in  the 
C24SME/Si  and  OTS/Si  monolayers  (compare  Figs.  1(a),  2(a)  and  2(e))  are 
proportional  to  the  number  of  ( — CH2 — )  groups  in  the  chains  of  the  respective 
compounds  (22/17),  suggesting  that  similar  molecular  packing  densities  (areas/ 
molecule)  are  reached  in  both  films2.  This  estimation  is  subject  to  an  uncertainty  of 
the  order  of  about  5%  of  a  complete  C24SME  monolayer,  associated  with  the 
sample-to-sample  data  spreading  characteristic  of  the  present  ATR 
measurements2  6.  A  comparison  of  the  contact  angles  measured  on  complete 
C24SME  and  OTS  monolayers  (Table  I)  is  not  conclusive  in  this  respect,  as  the 
proximity  of  the  relatively  polar  ester  function  to  the  outer  film  surface  results  in 
significantly  lower  contact  angles  on  the  former,  irrespective  of  its  packing  density 
and  the  orientation  of  the  chains  in  the  film2. 

2.  The  quantitative  conversion  of  the  ester  function  to  a  terminal  hydroxyl  is 
evident  from  both  the  disappearance  of  the  ester  carbonyl  band  at  1742  cm  * 1  (Fig. 
1(b))  and  the  contact  angles  measured  on  the  respective  reduced  films  (Table  I)4.  The 
ester  reduction  is  seen  to  be  accompanied  by  a  certain  depletion  of  material  (about 
20%)  from  the  C24SME  monolayer  shown  in  Fig.  1,  while  the  corresponding 
monolayer  in  Fig.  2  is  not  affected  by  the  LiAlH4  treatment.  In  general,  silane 
monolayers  on  Si  were  found  to  be  stable  under  exposure  to  LiAlH*  in  ether7. 
However,  as  the  present  examples  demonstrate,  molecules  less  tightly  anchored  to 
the  surface  may  be  occasionally  removed  under  these  conditions.  Such  partial 
depletion  of  the  film  is  easily  detected  by  IR,  but  not  by  the  contact  angle 
measurements  (see  Table  I). 

3.  The  second  adsorbed  layers  in  both  the  C24SME/C24SME/Si  and  OTS / 
C24SME/Si  bilayer  films  appear  to  be  identical  to  monolayers  of  the  respective 
compounds  adsorbed  directly  on  the  bare  silicon  substrate.  This  is  indicated  by  their 
IR  spectra  (compare  Figs.  1(a)  with  1(d)  and  2(d)  with  2(e))  as  well  as  by  the  respective 
contact  angle  values  (Table  I).  It  is  further  apparent  from  Fig.  1  that  part  of  the 
C24SME  material  adsorbed  as  a  second  layer  (about  12%)  is,  in  fact,  used  to  refill  the 
depleted  first  layer,  so  that  the  final  bilayer  film  is  actually  composed  of  two  almost 
complete  monolayers. 

A  comparison  of  the  contact  angles  measured  on  the  films  prepared  on  Si  wafers 
for  the  X-ray  diffraction  experiments  with  those  measured  on  the  films  used  in  the  IR 
experiments  allows  the  following  inferences  to  be  made,  in  a  general,  qualitative  way, 
about  the  structure  of  the  former. 

1.  The  contact  angles  measured  on  the  OTS/Si-wafer  monolayers  are  excep- 
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spectrophotometer,  at  a  resolution  of  4cm'1:  (a)  C24SME/Si  monolayer;  (b)  C2.SME/Si  reduced 
monolayer  (after  treatment  with  ethereal  LiAlH*);  (c)  C24SME/C14SME/Si  bilayer;  (d)  C24SME  second 
monolayer,  subtraction  (c)  -(b). 

Fig.  Z  Spectra  as  in  Fig.  1.  showing  only  the  ( — CHj — )  stretching  bands  around  2900cm'  \  for:  (a) 
C24SME/Si  monolayer;  (b)  C24SME/Si  reduced  monolayer;  (c)  OTS/C24SME/Si  bilayer;  (d)  OTS 
second  monolayer,  subtraction  (c) — (b);  (e)  OTS/Si  monolayer. 

TABLE  I 

CONTACT  ANCLES  ON  MONOLAYER  AND  BILAYER  FILMS  BUILT  ON  SILICON  ATR  PLATE  AND  ON  CLASS  SLIDES 


Film 

Advancing  contact  angle  * 

1R  spectrum 

(Fig.) 

HD 

BCH 

h2o 

C24SME/glass“ 

22°-24° 

30° -32“ 

70“-72“ 

— 

C2*SME/Si 

26° 

32“ 

72“ 

1(a) 

C24SME/Si,  reduced 

0” 

0“ 

50“ 

1(b) 

C24SME/C24SME/Si 

Not  measured 

31“ 

74” 

1(c) 

C24SME/Si 

23" 

32“ 

73” 

2(a) 

C24SME/Si,  reduced 

0° 

0“ 

50“ 

2(b) 

OTS/C24SME/Si 

46“ 

51“' 

112” 

2(c) 

OTS/Si 

46° 

51“ 

112“ 

2(e) 

*  The  precision  of  the  contact  angle  measurements  is  of  the  order  of  ±  1°. 

*  Maximum  contact  angle  values  measured  on  complete  C24SME  monolayers  on  glass. 
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tionally  high  (compare  the  values  in  Tables  I  and  II  with  those  in  refs.  2  and  6).  These 
OTS  monolayers  appear,  therefore,  to  be  almost  perfect  in  terms  of  surface  coverage 
and  chain  orientation  and  packing,  possibly  displaying  long-range  two-dimensional 
crystalline  order2  6. 

2.  The  contact  angles  measured  on  the  C24SME/Si-wafer  monolayer  sample 
(entry  2  in  Table  (I)  are  close  to  those  determined  on  the  corresponding  monolayers 
on  an  Si  ATR  plate  (Table  I),  except  for  the  water  contact  angle  which  is  somewhat 
higher.  This  might  point  to  a  larger  deviation  of  the  hydrocarbon  chains  from  the 
surface  normal  in  this  particular  monolayer,  thus  causing  a  larger  proportion  of 
inner  ( — CH2 — )  groups  to  be  exposed  on  the  outer  film  surface. 

3.  The  contact  angles  measured  after  each  step  in  the  construction  of  the 
C24SME  trilayer  film  on  the  Si  wafer  (Table  II)  indicate  the  formation  of  a  complete 
first  layer,  similar  to  the  C24SME  monolayers  on  the  ATR  plate,  followed  by  less 
ordered  second  and  third  layers  (compare  values  in  Tables  II  and  I).  Thus,  the 
somewhat  lower  contact  angles  displayed  by  the  second  layer  for  the  organic  liquids, 
in  particular  for  BCH,  may  be  taken  as  evidence  for  a  less  compact  and  ordered 
structure,  although  not  very  much  different  from  that  of  the  first  one2,6.  A  drastic 
disordering  effect  is  further  observed  in  the  formation  of  the  third  layer.  This  is 
obvious  from  the  large  drop  in  the  BCH  and  HD  contact  angles,  which  may  be 
interpreted  as  indicating  the  formation  of  an  incomplete  monolayer2-6.  It  is  to  be 
noted  that  the  water  contact  angles  are  not  sensitive  to  these  structural  differences 
(Table  II).  This  behavior  can  be  rationalized  by  considering  the  opposite  variation 
tendencies  expected  for  water  contact  angles  on  C24SME  monolayers  of  variable 
density.  Usually,  lower  film  densities  lead  to  lower  contact  angles2-6,  however,  in  the 
present  case,  increasing  the  area/molecule  should  result  in  an  outer  film  surface 
poorer  in  relatively  hydrophilic  ester  groups  and  richer  in  more  hydrophobic  chain 
methylenes,  which  should  thus  tend  to  raise  the  water  contact  angles. 

The  origin  of  the  disordering  effect  observed  in  the  formation  of  the  third  layer 
in  the  C24SME  trilayer  film  is  not  entirely  clear.  A  number  of  film-building 
experiments  carried  out  with  C24SME  on  glass,  quartz  and  silicon  have  shown 
rather  poor  reproducibility  in  the  formation  of  high-quality  monolayers  of  this 
compound,  regardless  of  the  substrate.  We  suspect  that  partial  misorientation  of  the 
film-forming  molecules  at  the  liquid-solid  interface,  caused  by  the  relatively  polar 


table  ii 

CONTACT  ANGLES  ON  FILMS  BUILT  ON  SILICON  WAFERS 


Film 

Advancing  contact  angle 

HD 

BCH 

H,0 

OTS/Si  (two  samples) 

48” 

54” 

113M14” 

Cj.SME/Si  (monolayer  sample) 

27”-28” 

30° 

79” 

CuSME/Si  (trilayer  sample) 

26” 

32” 

72” 

C.tSME/Si,  reduced  (trilayer  sample) 

0” 

0° 

50” 

CUSME/CJ4SME/Si  (trilayer  sample) 

24” 

28” 

72” 

Cj4SME/C,4SME/Si,  reduced  (trilayer  sample) 

0” 

0” 

50” 

CWSME/C,4SME/CJ4SME/Si  (trilayer  sample) 

About  12” 

23” -24” 

71” 

158 


M.  POMERANTZ  et  al. 


nature  of  the  terminal  ester  function,  may  be  responsible  for  the  difficulties 
encountered  in  the  self-assembly  of  C24SME.  Results  of  film-forming  experiments 
performed  with  several  other  silane-ester  surfactants,  having  the  ester  function 
located  at  different  positions  along  the  chain,  support  this  interpretation7. 

3.  X-RAY  DIFFRACTION 

It  has  been  demonstrated  that  X-ray  diffraction  can  be  used  to  get  structural 
information  about  LB  films  even  for  a  single  monolayer5.  It  is  possible  to  measure 
such  small  (microgram)  samples  because  the  Bragg  angles  are  about  1°  (the 
molecules  are  long  and  stand  nearly  perpendicular  to  the  surface),  hence  the 
diffraction  is  occurring  near  total  external  reflection  from  the  solid  samples.  The 
X-rays  that  are  reflected  from  the  atomic  planes  are  thus  relatively  intense  and  their 
interference  produces  large  modulations  in  the  diffracted  beams.  This  high 
sensitivity  makes  it  feasible  to  measure  the  monolayers  deposited  by  the  method  of 
spontaneous  adsorption.  The  most  definite  information  extracted  from  the  measure¬ 
ment  is  the  thickness  of  the  film.  This  is  relevant  to  the  question  of  the  coverage  by 
the  film,  because  if  the  observed  thickness  is  equal  to  the  known  length  of  the 
molecules  then  the  molecules  must  be  closely  packed.  If  the  thickness  is  less  than  the 
length,  the  molecules  must  be  leaning  which  implies  that  the  packing  is  not 
maximal.  This  case  needs  to  be  examined  to  learn  if  it  arises  from  incomplete 
coverage.  Our  procedure  of  fitting  the  data  also  gives  information  about  the 
chemical  composition  of  the  layers,  but  this  is  not  very  precise.  As  will  be  explained 
below,  for  rather  featureless  patterns  like  that  from  a  monolayer,  a  good  fit  to  the 
data  can  be  achieved  with  a  range  of  parameters;  however,  some  models  of  the 
molecule  seem  incapable  of  explaining  the  data  and  thus  may  be  rejected. 

Our  experimental  and  interpretational  methods  were  published  earlier5.  The 
only  change  from  those  techniques  is  that  we  now*  can  optimize  the  fit  to  the  data  by 
use  of  the  simplex  method  of  variation  of  an  initial  set  of  parameters.  This  is  done 
with  the  constraint  that  the  correct  number  of  electrons  in  each  lamina  is  maintained 
as  their  thicknesses  and  refractive  indices  are  varied.  The  data  were  taken  on  a 
diffractometer  possessing  a  highly  collimated  and  monochromatic  X-ray  beam.  A 
9-29  scan  in  steps  of  about  0.0T  and  counting  times  of  minutes  is  made  under 
computer  control.  The  resulting  spectrum  for  OTS  is  shown  in  Fig.  3.  Note  that  the 
intensity  scale  is  logarithmic  so  that  the  rounded  peak  at  about  1.5°  is  only  10'*  of 
the  incident  intensity.  This  peak  is  absent  on  Si  substrates  that  are  uncoated;  it  is 
caused  by  the  adsorbed  OTS.  The  full  line  that  passes  through  the  data  was 
computed  by  considering  the  interference  of  waves  reflected  from  plane  laminae 
representing  the  chemical  structure  of  the  OTS  molecule.  The  model  is  shown  in  Table 
III,  with  the  parameters  used  for  the  various  molecules  we  examined.  The  structure  of 
the  molecules  is  shown  on  the  left  side.  The  procedure  used  to  find  the  parameters 
was  to  first  estimate  the  index  of  refraction,  n  =  1  -  <5  +  i/U  where  5  and  /?  are  directly 
proportional  to  the  electron  density,  N;  5  =  1.06  x  10'6  x  N.  We  assume  that 
the  maximum  density  is  for  the  alkane  packing  because  there  are  no  bulky  groups  to 
separate  the  chains.  We  can  then  calculate  the  alkane  densities  from  known 
structures.  When  alkane  chains  are  closely  packed  they  occupy  an  area  of  about 
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18  A2.  The  separations  of  the  atoms  along  the  chains  and  the  numbers  of  electrons 
are  known.  Thus  for  the  CH,  groups,  which  have  /V  =  8  electrons  in  a  volume  of 
18  A2  x  1.3  A,  we  find  a  value  of  <5  =  3.9  x  10_s.  If  the  molecules  are  not  tightly 
packed  we  assume  that  the  deltas  will  be  decreased,  but  probably  not  by  much.  The 
major  effect  of  loose  packing  will  be  a  reduction  in  the  thickness  of  the  layer.  The 
tilted  molecules  will  probably  pack  to  a  smaller,  but  approximately  the  same, 
density  than  for  close  packing.  Using  known  covalent  radii,  and  models  of  the 
molecule,  we  estimate  the  length  of  the  chain  to  be  26  A.  From  the  data  of  Fig.  3  we 
derived  a  thickness  of  the  film  of  23  A,  about  13%  less  than  the  extended  chain 
length.  Incomplete  coverage  may  be  the  cause  of  the  reduced  thickness,  but 
somewhat  looser  packing  in  films  is  probably  the  cause.  In  LB  films  the  typical  area/ 
molecule  of  carboxylic  chains  is  20  A2,  slightly  larger  than  in  bulk  paraffins.  The 
packing  of  our  films  is  unknown,  but  previous  IR  and  wettability  measurements2  on 
OTS  showed  that  its  density  on  Si  was  the  same  as  LB  films  of  carboxylic  acids.  An 
area/molecule  of  20  A2  would  allow  the  chains  to  tilt  the  observed  extent.  The 
parameter  p  in  Table  III  represents  the  lossy  part  of  the  refractive  index.  The  values 
given  are  only  estimates,  but  in  such  very  thin  films  they  have  very  little  influence  on 
the  diffraction  pattern. 

For  the  C24,SME,  similar  considerations  lead  to  an  estimated  length  of  the 
chain  of  35  A.  The  measurements,  shown  in  Fig.  4,  give  a  film  thickness  of  28  A.  This 
decrease  of  20%  is  noticeably  larger  than  for  OTS.  If  we  attribute  a  decrease  of  13% 
to  steric  effects,  as  in  OTS,  then  here  the  additional  decrease  in  thickness  of  about  7% 
implies  a  maximum  7%  lack  of  coverage. 

The  trilayer  of  C24SME  gave  the  data  shown  in  Fig.  5.  We  attempted  to  fit  the 
data  using  the  same  parameters  used  for  the  successful  fit  of  a  monolayer,  but 
repeating  it  for  three  layers.  We  also  included  the  modifications  in  the  structure 
introduced  by  the  chemical  binding  of  the  layers  to  each  other.  The  result  was  the 
curve  labeled  “3  layers”  in  Fig.  6.  It  can  be  seen  that  the  predicted  diffraction  has 
sharp  decreases  near  0.2°  and  1 .0°.  which  appear  only  vaguel  y  in  the  experiment.  We 
were  unable  to  find  any  reasonable  parameters  that  satisfactorily  reproduced  the 
data  using  a  three-layer  model.  We  therefore  considered  the  possibility  that  only 
part  of  the  film  has  three  layers,  and  part  might  have  two.  The  predicted  diffraction 
from  a  two-layer  film  is  also  shown  in  Fig.  6.  The  tendency  is  for  the  peaks  in  the 
three-layer  diffraction  to  occur  at  the  minima  of  the  two-layer  diffraction.  A 
superposition  of  the  two  patterns  smooths  the  features.  By  trial  we  arrived  at  the  fit 
shown  by  the  full  line  in  Fig.  5.  To  achieve  this  fit  the  ratio  of  the  areas  covered  by 
two  layers  to  three  layers  was  0.55/0.45,  and  slight  adjustments  of  the  thicknesses  of 
the  layers  were  made  (as  listed  in  Table  III).  This  fit  was  not  optimized  because  we 
felt  that  a  more  perfect  fit  would  not  be  very  meaningful,  considering  the  number  of 
parameters.  It  does  seem  clear  that  a  mixture  of  two-  and  three-layer  regions 
provides  an  explanation  of  the  data. 

Table  III  also  lists  the  values  of  the  refractive  index  parameter  5.  These  values 
are  not  to  be  regarded  too  seriously,  because  good  fits  to  the  data  could  be  obtained 
with  values  of  5  of  the  CH  2  layer  (the  thickest  and  thus  most  important)  that  differed 
by  25%  from  those  in  Table  III.  The  corresponding  change  in  the  thickness  of  the 
CH  2  layer  was  only  -  3%  so  the  thicknesses  are  much  more  strongly  determined 


TABLE  III 

SCHEMATIC  DIAGRAM  OF  THE  MODEL  USED  TO  CALCULATE  THE  DIFFRACTED  INTENSITIES  IN  FIGS.  3-6.  THE  MOLECULAR  STRUCTURE  DEFINES  LAMINAE  WHOSE  THICKNESSES 
AND  REFRACTIVE  INDICES  (  =  I -6  +  ifi)  ARE  GIVEN  (DELTAS  AND  BETAS,  IN  UNITS  OF  I0'6,  ARE  LISTED),  n  IS  THE  NUMBER  OF  — CHj —  GROUPS.  FOR  THE  TWO-  AND 
THREE-LAYER  CALCULATIONS  OF  FIGS.  3  AND  6,  THE  CENTRAL  CHAIN  UNIT  WAS  REPEATED  ONCE  AND  TWICE  RESPECTIVELY. 
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Fig.  3.  X-ray  diffraction  from  a  single  layer  of  OTS  on  a  Si  substrate.  The  squares  are  the  data  points.  The 
full  line  is  calculated  from  a  model  described  in  the  text  and  in  more  detail  in  ref.  S. 

Fig.  4.  Same  as  Fig.  3  except  for  one  layer  of  C14SME 


GRAZING  ANGLE,  8  (dtql  GRAZING  ANGLE,  9  (dtgl 


Fig.  S.  Same  as  fig.  3  except  for  C24SME  prepared  as  a  trilayer.  The  full  curve  is  the  superposition  of  the 
diffraction  from  two-  and  three-layer  films  assumed  in  the  ratio  of  55%  to  45%. 

Fig.  6.  Calculated  diffraction  from  two-  and  three-layer  CI4SME  films. 

than  are  the  <5  values.  Nevertheless,  we  found  that  some  models  did  not  seem  to  be 
capable  of  providing  a  good  fit.  For  example,  if  we  assumed  that  the  Cl  of  the  original 
chlorosilane  remained  attached  instead  of  being  replaced  by  O,  this  added  such  a 
large  electron  density  that  only  poor  fits  were  found.  This  model  can  be  rejected  on 
chemical  grounds  as  well. 

4.  CONCLUSIONS 

We  have  used  three  independent  methods  to  study  the  degree  of  coverage  of  Si 
surfaces  by  chemisorbed  OTS  and  C24SME  monolayers,  and  a  trilayer  of  C24SME, 
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deposited  by  the  method  of  spontaneous  adsorption.  The  IR  absorption,  contact 
angles,  and  X-ray  diffraction  all  suggest  that  the  monolayer  of  OTS  is  complete,  fn 
fact,  the  contact  angles  are  larger  than  any  values  previously  reported;  this  indicates 
exceptionally  good  coverage  and  smoothness.  The  thickness  of  this  C24SME  film  is 
noticeably  less  than  the  length  of  the  molecule.  This  can  be  interpreted  as  a  lack  of 
coverage  of  <  7%,  which  is  compatible  with  the  results  of  the  other  methods.  In 
some  other  samples,  IR  and  wettability  indicate  complete  monolayers  of  C24SME. 
For  the  trilayer  of  C24SME  all  the  methods  allow  for  an  incomplete  upper  layer.  IR 
showed  that,  in  some  cases,  when  a  second  layer  is  added  it  also  helps  to  complete  the 
first  layer.  The  X-ray  diffraction  does  not  seem  explicable  by  a  three-layer  model. 
Using  parameters  not  much  different  from  those  of  the  monolayer,  we  find  a  good  fit 
by  assuming  that  about  45%  of  the  area  has  three  layers  and  55%  has  two  layers. 
Work  is  in  progress  to  substantiate  the  idea  that  the  variability  noted  for  C24SME 
may  result  from  the  proximity  of  the  hydrophilic  ester  group  to  the  end  of  the  tail. 

The  X-ray  diffraction  gives  another  result  which  tends  to  confirm  the 
interpretation  that  the  OTS  gives  good  coverage  and  that  C24SME  gives  somewhat 
less.  The  roughness,  r,  needed  to  explain  the  results  differs  drastically  in  the  two 
cases.  For  OTS  we  deduced  a  value  of  r  =  0.25  A,  which  indicates  a  very  smooth 
film.  For  C24SME,  we  needed  r  =  3  A,  rather  like  that  of  a  single  LB  film5.  A 
possible  interpretation  is  that  the  OTS  forms  a  very  complete  polymer  network, 
linked  by  Si— O — Si — O —  chains.  Such  chains  might  have  sufficient  sidewards 
strength  to  allow  the  film  to  bridge  over  the  roughness  of  the  substrate,  like  a 
membrane.  It  seems  to  do  this  better  than  LB  films,  as  might  be  expected.  The 
C24SME  bridges  less  well,  perhaps  because  its  coverage  is  less  and  the  polymer 
network  does  not  support  the  film  everywhere.  Such  films  would  follow  the  contours 
of  the  substrate,  and  be  rougher  than  well-polymerized  films. 

It  should  be  noticed  the  different  molecules  in  this  study  had  somewhat 
different  adsorption  properties.  Thus  the  behavior  of  one  or  the  other  cannot  be 
readily  generalized.  Perhaps  after  more  studies  of  this  kind,  on  a  variety  of 
molecules,  we  shall  achieve  greater  predictive  ability.  However,  it  seems  that  the 
method  of  spontaneous  adsorption  can  be  expected  to  give  coverages  in  excess  of 
90%,  approaching  100%  in  some  cases. 
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